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1. INTRODUCTION
P oss ib ly  the sim plest su r face  problems are those d e a l in g  with the 
behavior o f  elem ental s o l i d s .  Such important phenomena as c r y s t a l  and 
t h in - f i lm  growth, eva p ora t ion , su rface  d i f f u s i o n ,  and s in te r in g  a l l  involve  
atomic events at the so lid-vacuum in t e r fa c e .  However, the s ta te  o f  under­
standing o f  even these simple problems m irrors that in more complex areas 
o f  t e c h n o lo g ic a l  in te r e s t :  although at present measurements are a v a i la b le  
on the o v e r a l l  event, on ly  l i t t l e  has been done to e s t a b l i s h  the atomic 
mechanisms d i r e c t l y .
To a tru ly  su rp r is in g  degree , our notions about c r y s t a l  su rfaces  
are based on simple models o f  in teratom ic  f o r c e s ,  not on experim ent. The 
s tru ctu re  and s t a b i l i t y  o f  c r y s t a l  p lanes , the nature o f  the s i t e s  at which 
atoms are held  at a c r y s t a l  s u r fa c e ,  as w e l l  as the e n e rg e t ic s  involved  in 
tran sportin g  m ater ia l from one s i t e  to  another, are la rg e ly  known only  
through t h e o r e t i c a l  es t im ates .  In f a c t ,  i t  is  d i f f i c u l t  to  d iv o rce  a formu­
la t io n  o f  the k in e t i c s  o f  su rface  processes  from the s p e c i f i c s  o f  the p a i r ­
b inding p ic tu r e s  popular in the 1 93 0 's .
The a ctu a l  behavior o f  atoms at a c r y s t a l  s u r fa c e ,  as w e l l  as the 
structure  o f  the surface  i t s e l f ,  not only are o f  in t e r e s t  f o r  th e ir  vast 
t e c h n o lo g ic a l  importance but a lso  present a problem and cha llenge  to  our
•k
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2understanding o f  the coh es ion  o f  s o l i d s .  Within a c r y s t a l ,  the atomic 
geometries o f  experim ental in t e r e s t  are l im ite d .  By now the s tru ctu re  o f  
the p e r fe c t  c r y s t a l  ( f o r  elemental s o l id s  at l e a s t )  is  taken f o r  granted, 
having become r o u t in e ly  a c c e s s ib le  through standard tech n iqu es .  Of primary 
concern are the energy o f  an atom at a normal s i t e  and i t s  v a r ia t io n  with 
temperature, the l a t t i c e  energy during the motion o f  an atom, togeth er  w ith  
the e n e rg e t ic s  and attendant c o n f ig u r a t io n  o f  vacancies  and l in e  im p er fe c t ion s .
In c o n t r a s t ,  c r y s t a l  surfaces  o f f e r  a var ied  array o f  atomic 
environments. Each c r y s t a l  plane presents a d i f f e r e n t  geometry. An under­
standing o f  the r e la t i o n  between th is  atomic arrangement and b inding would 
be important in p r e d ic t in g  the equ ilib r iu m  form; f o r  small c r y s t a l s ,  th is  is  
d ic ta te d  by the surface  ten s ion  as a fu n c t ion  o f  o r i e n t a t i o n .  Once the 
s tru ctu re  o f  the surface  is e s ta b l is h e d ,  the p ro p e rt ie s  o f  atoms on the 
d i f f e r e n t  su rfaces  are important f o r  th e ir  c o n tr ib u t io n s  to  the k in e t ic s  o f  
various tran sport  p ro ce sse s .  Even without con s id er in g  d e f e c t s ,  such as 
d is lo c a t io n s  or  grain  boundaries , i t  is  apparent that a t  the vacuum -crystal 
in te r fa c e  we are con fron ted  with a much wider range o f  atomic s i t e s  than in 
the bulk. R e l ia b le  p re d ic t io n s  o f  th e ir  s tru ctu re  and e n e rg e t ic s  would be 
extrem ely h e lp fu l  in the d e s c r ip t io n  o f  any p r a c t i c a l  su rface  p ro ce ss .
T i l l  now the b ew ilder in g  v a r ie ty  o f  surface  geom etries which may 
con tr ib u te  to  a rea l  c r y s t a l ,  as w e l l  as the absence o f  r e l i a b l e  t h e o r e t i c a l  
g u id e l in e s ,  have slowed progress in understanding su r faces  on the atomic 
l e v e l .  In a sense th is  very com plexity  may be an advantage, however. I t  
is  at the surface  that we can su b ject  our notions  o f  atomic fo r c e s  to  a 
c r i t i c a l  t e s t .  By p la c in g  atoms on d i f f e r e n t  c r y s t a l  planes we sample
3e n t i r e ly  new and d i f f e r e n t  atomic c o n f ig u r a t io n s ,  which, in co n tr a s t  to the 
bulk, are l i k e l y  to play a part in re a l  p ro c e s s e s .  The a l l - im p o r ta n t  p re ­
r e q u is i t e  f o r  taking advantage o f  th is  r ichness  is  the means o f  ob ta in in g  
experim ental inform ation  on the atomic s tru c tu re  o f  s u r fa c e s ,  and on the 
p ro p e rt ie s  o f  atoms held  th ere .  U n til  a few years ago, such techniques 
were not a v a i la b le ;  i t  is  f o r  th is  reason that the atomic behavior o f  
su rfaces  remained unexplored by experiment.
In surveying recent e f f o r t s  to probe the c r y s t a l  su rface  on the 
atomic l e v e l ,  i t  is  convenient to  proceed in two p a rts .  Studies o f  the 
p ro p e r t ie s  and atomic arrangement o f  the su rface  layer are examined f i r s t .
The remainder o f  th is  review i s  devoted to  the beh av ior  o f  in d iv id u a l  atoms 
held at the s u r fa c e .  The former has become qu ite  a fa sh ion ab le  f i e l d ,  with 
a vast l i t e r a t u r e  and l i f e  o f  i t s  own. Much o f  the e f f o r t  here has been 
adequately reviewed and th is  p resen ta t ion  is  th e re fo re  b r i e f .  By comparison, 
examination o f  in d iv id u a l  atoms is  on ly  in i t s  in fa n cy .  I t  i s ,  moreover, a 
f i e l d  o f  great  promise frought w ith  con s id erab le  d i f f i c u l t i e s .  As such, the 
present s ta te  o f  th is  s u b je c t  is  examined in some d e t a i l .
2. STRUCTURE AND PROPERTIES OF CLEAN SURFACES 
2 .1 .  E nergetics
The thermodynamic qu an tity  o f  in te r e s t  in the d e s c r ip t io n  o f  
su r fa ces  is  the surface  ten s ion  y ;  th is  i s  de fin ed  as the surface  excess  o f  
the Landau fu n c t io n  L per u n it  area , where L = F-G, the d i f fe r e n c e  between 
the Helmholtz and Gibbs fr e e  energies.'* ' For a c r y s t a l ,  y is  a fu n c t ion  o f  
the o r ie n t a t io n  o f  the s u r fa c e .  For small c r y s t a l s ,  i t  is  th is  v a r ia t io n
4o f  surface  ten s ion  w ith  o r ie n t a t io n  that d i c ta te s  the form to  be expected
2
at eq u ilib r iu m  through the famous co n s tr u c t io n  o f  W u lf f .  On la rger  c r y s t a l s ,
f o r  which surface  p rocesses  no longer dominate the o v e r a l l  shape, the surface
3tension  d ic ta te s  the s t a b i l i t y  o f  a m acroscopic plane to f a c e t in g ,  as w e l l
4
as the groov ing  found at twin boundaries . A u th o r ita t iv e  d is cu ss io n s  o f  the
1 2  5 6formalism underlying these phenomena are a v a i la b le ,  * * *
A l l  o f  these e f f e c t s  have been stud ied  in attempts to derive  
information on the dependence o f  surface  tension  on atomic arrangement. 
Although the in form ation  so obtained is  thermodynamic (and, as such, p rop er ly  
requires a s t a t i s t i c a l  trea tm en t),  at low temperatures i t  is  the energy con ­
t r ib u t io n  that dominates. With a knowledge o f  the surface  tens ion  i t  should 
th e r e fo r e  be p o s s ib le  to t e s t  the a p p l i c a b i l i t y  o f  any given interatom ic 
p o te n t ia l  to  su rface  phenomena. I t  is  th is  aim that has motivated much o f  
the recent work.
The experim ental problem appears d e c e p t iv e ly  s im ple . A l l  that needs 
to be done is  to e s t a b l i s h  small p a r t i c l e s  in th e ir  eq u ilib r iu m  shape by 
annealing at a high temperature. The d istan ce  h^ o f  c r y s t a l  fa ce  i  from the 
cen ter  w i l l  then be d i r e c t l y  p ro p o rt io n a l  to the surface  tension  y^ o f  that 
f a c e ,  and the sequence o f  surface  tensions i s  immediately a c c e s s ib le ,  The 
execu t ion  o f  such experiments is  not ea sy ,  however. E q u i l ib r a t io n  must be 
done at high temperatures ( t / t > 0 . 8) ,  c l o s e  to the m elting  p o in t ,  where 
contamination by d i f f u s i o n  o f  im purities  from the bulk i s  d i f f i c u l t  to  avo id , 
The support f o r  such p a r t i c l e s  is e s p e c ia l l y  troublesom e. Id e a l ly  i t  should 
be nonwetting; t h i s ,  however, g en era l ly  means that the support surface  is  
h e a v i ly  contaminated and w i l l  in turn act  as a source o f  contam ination fo r
5the su rface  s tu d ied . On the o th er  hand, i f  the support in te r a c ts  s tron g ly  
with the c r y s t a l l i t e s  o f  in t e r e s t ,  i t  is  l i k e ly  to  a f f e c t  the o v e r a l l  shape.
Another problem is  posed by eva p ora t ion , which is  s i g n i f i c a n t  at 
the high e q u i l ib r a t i o n  temperatures. Unless suppressed , the c r y s t a l  shape 
may be dominated by the k in e t i c s  o f  th is  p ro c e ss ,  rather than by the surface  
ten s ion .  Attempts to  e s t a b l i s h  an eq u ilib r iu m  environment are gen era lly  
made by e n c lo s in g  the sample in a con ta in er  o f  the same m ateria l and i s o ­
thermal with i t .  However, the vapor pressu re , p, o f  a small c r y s t a l  d i f f e r s  
from that o f  a large s u r fa c e ,  p^, a ccord ing  to  the thermodynamic r e la t io n
In p / Pco
Y .
2 JL - 1kT h.l
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where v is  the atomic volume. Small p a r t i c l e s  may th ere fo re  s t i l l  be 
a f f e c t e d  by eva p ora t ion . A f i n a l  u n cer ta in ty  is  introduced  by the need to 
quench in the eq u ilib r iu m  form e s ta b l ish e d  at high temperatures. This is  
g e n e ra l ly  not a rapid  p ro ce ss ,  and the shape f i n a l l y  examined may, in f a c t ,  
r e f l e c t  a much lower temperature (~T /2 )  than that corresponding to the 
annealing co n d it io n .^
Examination o f  twin-boundary grooving  does not s u f f e r  from severa l  
o f  these d i f f i c u l t i e s .  I t  is  s t i l l  su b je c t  to  contam ination . The only 
s tu d ies  in which th is  has been reasonably w e l l  suppressed are those re ly in g  
on the f i e ld -e m is s io n  or f i e l d - i o n  m icroscope^ *^ t o  examine the shape o f  
a metal t ip  a f t e r  e q u i l ib r a t i o n  at high temperatures. Although doubts must 
s t i l l  remain about the ro le  o f  the support and about eva p ora t ion , the stud ies  
in the m icroscope can be done under ultrahigh-vacuum c o n d i t io n s ,  under con ­
tinuous su rv e i l la n ce  o f  surface  c le a n l in e s s .
6Data on the surface  tens ion  o f  m eta ls ,  in i t s  dependence upon 
o r ie n t a t io n ,  are l i s t e d  in Table I .  The d is co r d  f o r  fee  metals is  c l e a r .  
Although d i f f e r e n c e s  in the techniques o f  analyses may be re sp o n s ib le  in 
p a rt ,  a l i k e l y  and important source o f  d i f f i c u l t y  appears to  be contam ination . 
This need not n e ce s s a r i ly  come from the ambient. For the fee  metals e s p e c i a l l y ,  
i t  is  extrem ely d i f f i c u l t  to remove im pu rit ies  from the bulk; at high tempera­
tures they may then d i f fu s e  to  the surface.'*'''' Even the analys is  o f  bubbles 
in m eta ls ,  which has a lso  been used to derive  in form ation  on the s t r u c tu r a l  
an iso trop y  o f  surface  tensions, is  s u b je c t  to  th is  problem. Work in which
contam ination does not intrude has been concentrated  on the r e f r a c t o r y  body-
9
centered  cu b ic  m etals. For th ese ,  D rech sler  and N icholas have succeeded 
in  f i t t i n g  the observed v a r ia t ion s  from one plane to the next with values 
c a lc u la te d  assuming a Mie p o te n t ia l
V (R) snmm-n
n
in which e marks the depth o f  the w e l l ,  Rq is  the pa ir  separation  at the
minimum, and m and n are the exponents o f  the a t t r a c t iv e  and rep u ls iv e  p a rts ,
r e s p e c t iv e ly .  The uniqueness o f  th is  r e s u l t  remains to be te s te d .  Attempts
have a ls o  been made to use Morse p o te n t ia ls  to  evaluate  surface tensions o f
12the (1 0 0 ) ,  (111) and (110) planes f o r  a v a r ie ty  o f  fee  m etals . The abso lu te
values are qu ite  fa r  o f f  the mark, however. For s i l v e r ,  as an example, the
2
su rface  tension  is  estim ated at 2508 erg/cm  on the (1 0 0 ) ,  compared with a
13value o f  1140 derived  from experiment (a t  T~1200 K ) . S im ilar d i s p a r i t i e s  
found f o r  copper suggest that these attempts to t ra n s fe r  p o te n t ia ls  derived
from bulk c r i t e r i a  to  the su rface  are i l l - f o u n d e d .
7Table 1. V a r ia t io n  o f  surface  tens ion  with o r i e n t a t i o n .
Plane Au,CuAS,Ni<a)
FCC C ry s ta ls :  Yh k l /Y m  
Ni<b> N i ^ Au<d>
( 111) 1 1 1 1
( 100) 1.045 .948 .999 1.071
( 211) 1.10 1.018 1.016 1.049
(311) 1.115 1.009 1.014 1.062
(331) 1.14 1.015 1.043
(310) 1.14 .998 1.013 1.060
( 210) 1.16 1.008 1.012 1.055
( 110) 1.15 1.008 1.008 1.048
BCC C ry s ta ls :  Yh k l /Y 110
Ta^6 ^ w(e ) M o ,W ^ w(£ >
1400 K 2400 K 2400 K 2600 K
( 110) 1 1 1 1
( 211) 1.068 1.021 1.022 1.022
( 100) 1.050 1.025 .992 1
( 111) 1.083 1.027 1.023 1.026
( 210) 1.017 1.017
(310) 1.065 1.027 1.014 1.012
( 221) 1.080 1.029 1.027
(331) 1.018 1.023
(411) 1.070 1.039 1.023
(311) 1.022 1.029
C rysta l  Versus Bubble Shape
Y100/Y 110 Y100/Y 111
Bubbles in Cu^^ 1.2 Bubbles in A1(S) 1.03
Cu Shape(a) .91 Cu S h a p e d 1.045
Ni S h a p e d '  . .99 Ni Shape(c ) .999
Bubbles in M o ^ ' 1.14
Mo Shape(c ) .992
(a) B. E. Sundquist, Acta Met. 12, 67 (1964 ).
(b ) H. Mykura, Acta Met. 9, 570 (1961 ).
( c )  J. F. N ich o la s ,  A u s tra l .  J. Phys. 21, 21 (1 9 68 ) ;  a lso  R e f.  9.
(d) W. L. Winterbottom and N. A. G jo s te in ,  Acta Met. 14, 1041 (1966 ).
(e )  R ef.  8 .
( f )  R e f.  10.
(g) R. S. Nelson, D. J. Mazey and R. S. Barnes, P h i l .  Mag. 11, 91 (1965 ).
8As yet no e f f o r t  has been made to examine the surface  ten s ion  o f  
nonmetals and i t s  v a r ia t io n  w ith  s tru c tu re ,  even though such inform ation 
would be o f  grea t  i n t e r e s t ,  e s p e c ia l l y  f o r  cov a len t  s o l id s  and f o r  rare gas 
c r y s t a l s .
2 .2 .  Atomic Arrangement o f  Clean Surfaces
The commercial a v a i l a b i l i t y  o f  ultrahigh-vacuum equipment f o r  low- 
and h igh-energy  e le c t r o n  d i f f r a c t i o n  has brought about a dramatic upsurge in 
s t r u c tu r a l  s tud ies  o f  s o l i d  s u r fa c e s .  The technique, as w e l l  as many o f  the 
re s u lt s  have been thoroughly rev iew ed . ^ ^  Therefore  on ly  a few genera l 
comments are in o rd er .
The inform ation most d i r e c t l y  deduced from d i f f r a c t i o n  stu d ies  is  
the symmetry and spacing o f  the u n it  c e l l .  In work with low-energy e l e c t r o n s ,  
in e l a s t i c  events ra p id ly  dim inish the in te n s ity  o f  the in c id en t  beam as i t  
penetrates in to  the bu lk , and only  the outermost l a t t i c e  planes are s a m p le d .^  
The d i f f r a c t i o n  pattern th e re fo re  r e f l e c t s  only the two Laue co n d it io n s  
appropriate  to  the l a t t i c e  v e c to rs  a and b in the surface  plane:
S • a = 2nh S*b = 2Trk
Here S is  the d i f f r a c t i o n  v e c to r ,  given by h -h , the d i f f e r e n c e  between theo
wave vector  o f  the s ca t te re d  and in c id en t  r a d ia t io n ,  and h and k are in te g e r s .  
The th ird  c o n d it io n ,  in v o lv in g  the p r o je c t io n  o f  the d i f f r a c t i o n  v ec to r  S 
on the l a t t i c e  v e c to r  not in the surface  p lane, is not s a t i s f i e d .  In 
stud ies  with h igh-energy e le c t r o n s  the experiment is  arranged so that the
9e le c t r o n  beam s t r ik e s  the su rface  at grazing  in c id e n ce ,  and again samples
on ly  the outermost reg ion .  The atomic g r id  c o n s t i tu t in g  the surface  layer
i s  th ere fo re  immediately a c c e s s ib l e .
A survey o f  s t r u c tu r a l  in form ation , derived  from low-energy
e l e c t r o n - d i f f r a c t i o n  experiments on s u r fa c e s ,  is  provided in Table I I .  For
m eta ls ,  i t  appears that the atomic spacing o f  the su rface  layer is gen era lly
the same as in the bulk o f  the c r y s t a l .  Surface c e l l s  with m u lt ip le  spacing
are reported  f o r  the noble fee  m etals. This is a problem on which there is
s t i l l  not unanimity in the l i t e r a t u r e .  I t  is  s i g n i f i c a n t  that with metals
such as palladium , platinum and s i l v e r ,  f o r  which m ultip le  spacings have been
re p o r te d ,  stu d ies  on s t r in g e n t ly  c lean  su rfaces  ( l i s t e d  in Table I I )  have
y ie ld e d  ordinary spacin gs .  This should not be su rp r is in g  in view o f  the
w e l l - e s t a b l i s h e d  problem o f  r e a l ly  c lea n in g  the fee  m etals . Gold is  the one
m a ter ia l  f o r  which quite  a c a r e fu l  study has revea led  anomalous spacin gs .
For th is  a lon e , such e f f e c t s  may prove to be t y p i c a l  o f  the c lean  su r fa c e .
I t  w i l l  c e r t a in ly  be d e s ira b le  to  pursue even th is  more c a r e f u l l y .
The s i tu a t io n  i s  quite  d i f f e r e n t  fo r  the semiconductors - -  there
re s tru ctu r in g  o f  the surface  layer  from the arrangement t y p ic a l  o f  the bulk
appears to  be the ru le  rather than the e x ce p t io n .  Here again the p o s s i b i l i t y
18has been ra ised  that some o f  the s tru c tu re s  may be s t a b i l i z e d  by im p u r it ie s .
At the moment i t  appears, however, that such s tru ctu res  are found even under
very c lean  con d it ion s  and are th e re fo re  c h a r a c t e r i s t i c  o f  the m ateria l i t s e l f .
A question  that aroused some in te r e s t  in the ea r ly  renaissance o f
su r face  d i f f r a c t i o n  is  the l a t t i c e  spacing perpendicu lar to the vacuum-
19c r y s t a l  in t e r fa c e .  Since the th ird  Laue co n d it io n  is  no longer a p p l ica b le
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Table I I .  Atomic arrangement o f  su rfaces  from LEED s tu d ie s .
Surface S tructure  In v e s t ig a to r
Al (H O ) , (111) , (110) ( l x l )
C r(100) ( l x l )
F e (110) ( l x l )
( 100) ( l x l )
( 111) ( l x l )
N i ( l l l ) , (110 ) ( l x l )
Cu(100) ( l x l )
( 111) ( l x l )
( 110) ( l x l )
Nb(110) ( l x l )
Mo (110) ( l x l )
( 100) ( l x l )
( 111) ( l x l )
(310) ( l x l )
R h (100 ),(210 ) ( l x l )
( 110) ( l x l )
Pd(100) ( l x l )
( 110) ( l x l )
( 100) ( 2x 1) , ( 2x 2) , c ( 2x 2)
Ag(100) c ( 2x 2) , r i n g
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in LEED s tu d ie s ,  such inform ation  is  not immediately obvious from the geometry
o f  the d i f f r a c t i o n  p a tte rn s .  In stead , attempts were made to in fe r  the spacing
from the d e t a i l s  o f  the in ten s ity -v ersu s -w a v e len g th  r e la t io n s  measured
ex p er im en ta lly .  U n fortu n ate ly , i t  has been c l e a r l y  demonstrated that these
fea tu res  are s e n s i t i v e ly  dependent upon the d e t a i ls  o f  the model used to
20d escr ibe  the in te r a c t io n  o f  the in c iden t e le c t r o n s  with the l a t t i c e .
R e l ia b le  in form ation  concern ing  the spacing perpendicu lar  to the in te r fa ce  
th e re fo re  does not appear a c c e s s ib le  through such an a n a ly s is .
In a ssess in g  the s t r u c tu r a l  in form ation  derived  by low-energy 
e le c t r o n  d i f f r a c t i o n ,  i t  is  important to  keep in mind se v e ra l  important 
experim ental l im it a t io n s .  LEED, l ik e  any other d i f f r a c t i o n  technique, is 
respon sive  to long-range o rd er .  When d i f f r a c t i o n  patterns are observed , 
they on ly  e s t a b l i s h  that somewhere in the area covered by the e le c t r o n  beam 
there are reg ion s  w ith  an ordered s t ru c tu re .  Such a pattern  may not be 
s e r io u s ly  a f f e c t e d  by contam ination , nor does the s tru ctu re  observed 
n e c e s s a r i ly  represent more than a small f r a c t io n  o f  the t o t a l  area . These 
d e t a i l s  can o f te n  be deduced from an a n a ly s is  o f  the in te n s ity  or from an 
examination o f  i n e l a s t i c  even ts . The o b serv a t ion  o f  sharp d i f f r a c t i o n  
patterns with a geometry c h a r a c t e r i s t i c  o f  that expected  from the bulk by 
i t s e l f  i s  not r e l i a b l e  as a technique f o r  determining the c le a n l in e s s  o f  
the c r y s t a l .
There are many i l lu s t r a t i o n s  o f  t h i s .  W ell-deve loped  patterns 
have been found f o r  copper s u r fa c e s ;  under examination in the o p t i c a l  m icro ­
scope , o r  with high energy e le c t r o n s  at grazing  in c id e n ce ,  ox ide  s ca le  was
21d e f i n i t e l y  e s ta b l is h e d .  On (111) GaSb, a su rface  populated with d rop le ts
13
22o f  l iq u id  ga llium  s t i l l  gave an unusually good p a tte rn .  On copper again ,
23q u a n t ita t iv e  stu d ies  o f  fa c e t in g  by Mykura suggest that as l i t t l e  as 15 
percent o f  the surface  may s u f f i c e  to  g ive  a sharp p a ttern . F in a l ly ,  on a 
Pt (111) i t  has been found that a f t e r  a good e l e c t r o n - d i f f r a c t i o n  pattern  
is a ch ieved , further  c lean in g  re s u lt s  in no pattern  changes; however, the 
s c a t te r in g  c h a r a c t e r i s t i c s  o f  the surface  toward a m olecular beam o f
24deuterium continue to in d ica te  further  important changes in the su r face .
Much o f  the e a r ly  LEED work depended e n t i r e ly  upon th is  c r i t e r i o n
o f  sharpness to e s t a b l i s h  the c le a n l in e s s  o f  the s u r fa c e ,  even though there
were q u a l i ta t iv e  in d ica t io n s  aplenty  that th is  was not s u f f i c i e n t .  The
e a r ly  stud ies  must be evaluated very c a r e f u l l y .  Only r e c e n t ly  have
a d d it io n a l  techniques been app lied  to a scerta in  the chemical com position  o f
the surface  la y e r ,  independent o f  the d i f f r a c t i o n  e f f e c t s .  The most popular
o f  these is  the energy a n a lys is  o f  Auger e le c t ro n s  emitted when the su rface
25is  bombarded by e le c t ro n s  w ith  en erg ies  o f  a few kV. This technique has
2 6revea led  very s i g n i f i c a n t  contam ination l e v e l s ,  s u r p r is in g ly  by s u l fu r .
In the fu tu r e ,  the routine  a p p l ic a t io n  o f  th is  and oth er  a n a ly t i c a l  methods,
27such as determ ination o f  the appearance p o te n t ia l  f o r  x - r a y s ,  should 
e l im in ate  th is  u n cer ta in ty .
2 .3 .  Atomic V ibra t ion s
In any attempt to  determine the dynamics o f  su rface  p rocesses  on
the atomic l e v e l ,  we need in form ation  on the average spacings o f  atoms in
the id e a l  surface  la yer :  i t  is  a lso  v i t a l  to understand the dynamics o f
su r fa ce  atoms. These excursions are o f  in te r e s t  as w e l l  in understanding the
28thermodynamic p ro p e rt ie s  o f  the in t e r f a c i a l  layer  at f i n i t e  temperatures.
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In f a c t ,  h e a t -ca p a c ity  s tu d ies  have been used to d er ive  in form ation  
on atomic v ib ra t io n s  at the s u r fa c e .  These should co n tr ib u te  a term
ent T term given by Debye. However, the experiments are hard to in te rp r e t
u n e q u iv o ca l ly .  What is measured are d ev ia t ion s  o f  the temperature dependence
from the expected  Debye curve when the m ateria l studied  is  present in a
f in e ly  d iv id ed  form with a high su rface -to -v o lu m e  r a t i o .  This makes i t
ex ceed in g ly  d i f f i c u l t  to s p e c i fy  a ccu ra te ly  the nature o f  the surfaces  
29stu d ied . Work on s i n g l e - c r y s t a l  planes is required  to a llow  reasonable
in te r p r e ta t io n s .  Such measurements probably cou ld  be done by studying very
th in  c r y s t a l  f o i l s  that, when heated in a vacuum, would c o n s t i tu te  th e ir  own
a d ia b a t ic  c a lo r im e te r .  The d i f f i c u l t y  o f  such work is  obv iou s .
With the advent o f  d i f f r a c t i o n  stu d ies  on s u r fa c e s ,  in form ation on
the excurs ions  o f  atoms on s i n g l e - c r y s t a l  planes has been obta ined  from the
30in te n s i ty  o f  the d i f f r a c t i o n  peak as a fu n c t ion  o f  the temperature. As 
is  known from X-ray work, th is  dependence is  given by the Debye fa c t o r  
exp-2M. For a l a t t i c e  o f  independent o s c i l l a t o r s  and ra d ia t io n  o f  wave­
length  X
2
p r o p o r t io n a l  to  the area , varying as T , instead  o f  the usual volume depend-
,3
2
here (u  ) is  the mean-square displacem ent o f  atoms from th e ir  average
p o s i t i o n s ,  p a r a l l e l  to the d i f f r a c t i o n  vector  S, and 9 is  the Bragg angle . 31
I f  the l a t t i c e  can be adequately represented  by a Debye spectrum with a 
c h a r a c t e r i s t i c  temperature 0 ,  then in the range o f  high temperatures T > ©,
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<u2> = 3h2T/ml<©2
From the s lop e  o f  a sem ilogarithm ic p lo t  o f  the peak in te n s ity
against T we can th e re fo re  derive  the c h a r a c t e r i s t i c  temperature ©, and a lso
2
the mean square d isplacem ent (u  ) .  I t  is  customary to  present r e s u lt s  in 
terms o f  Debye temperatures as a matter o f  con ven ience ; th is  should not 
obscure the f a c t  that the temperature fa c t o r  involves  a mean-square d i s ­
placement whether o r  not a Debye an a lys is  is  j u s t i f i e d .
A low-energy e le c t r o n  beam w i l l  sample a reg ion  o f  the c r y s t a l  
near the s u r fa c e ,  the depth o f  which increases  w ith  e le c t r o n  energy. To 
ex p lo re  the excu rs ion s  o f  atoms in the outermost atom la y er ,  measurements o f
the temperature dependence must be c a rr ie d  down to  low en erg ies  (40 eV and 
17l e s s ) .  At energies  o f  300 eV and above, e f f e c t s  t y p ic a l  o f  the bulk are
ob ta in ed . Early s tu d ies  o f  th is  nature were a c tu a l ly  done with h igh-energy
e le c t r o n s  at a g lancing  angle to the plane o f  in t e r e s t  to sample the surface  
32la y e r .  Most recen t work has been in LEED experiments on the temperature 
v a r ia t io n  o f  d i f f r a c t i o n  peaks.
The data obta ined  under ultrahigh-vacuum co n d it io n s  are summarized 
in Table I I I ,  and are l im ited  to  m etals . At the s u r fa c e ,  i t  appears that 
v ib r a t io n a l  amplitudes exceed those in the bulk by roughly a fa c to r  o f  2 . 
Q u a li ta t iv e ly  th is  is  the expected  r e s u l t .  An atom at the surface  is su b je c t  
to the r e s to r in g  fo r c e  o f  neighbors on on ly  one s id e .  The r e s u lt s  are in
f a i r  accord w ith  model c a lc u la t io n s  based on f i r s t -  and second-neighbor
33 34in t e r a c t io n s .  * The data on the (110) are e s p e c ia l ly  in te r e s t in g .  Atoms 
on these planes are arranged in protruding c lo se -p a ck ed  rows along the [ 110] .
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Table I I I .  Atomic excu rs ion s  at s u r fa c e s .
u±
UBulk ©1 ®D In v e s t ig a to r
A g ( l l l ) 1.46 155 225 E.R. Jones, J .T .  McKinney, and M.B. Webb, 
Phys. Rev. 151, 476 (1 966 ).
( 110) 1.48 152 225 J.M. M orabito , R.F. S t e ig e r ,  and
( 100) 2 .16 104 225 G.A. Som orja i, Phys. Rev. 179, 638 (1969 ).
P d (100) , ( l l l ) 1.95 140 273 R.M. Goodman, H.H. F a r r e l l ,  and
P b ( l l l ) 1.64 55 90 G.A. Som orja i, J . Chem. Phys. 48, 
1046 (1 968 ).
P t (1 0 0 ) , ( 1 1 0 ) , (111) 2.12 110 234 H.B. Lyon and G.A. Som orja i, J. Chem.
Phys. 44, 3707 (1966 ).
Ni(110) 1.77 220 390 A.U. McRae, Surface S c i .  2 , 522 (1 9 64 ) .
I n t u i t i v e ly  we would expect that f lu c tu a t io n s  would occur more re a d i ly  in 
the (110) at r ig h t  angles to  the c lo se -p a ck ed  rows, that is along [0 0 1 ] ,  
than in the rows them selves. This is  indeed observed , with a c h a r a c t e r i s t i c  
temperature o f  310 degrees along the [1 1 0 ] ,  compared to 220 degrees both 
along the [001] and normal to  the su r fa ce .  In c o n t r a s t ,  on the (111) p lane, 
which in the fe e  l a t t i c e  is  c lo s e  packed, no a n iso tr o p ie s  in the v ib r a t io n a l  
amplitudes are found to  w ith in  the experim ental e r r o r .  This is su rp r is in g ;  
v ib ra tion s  normal to the surface  would be expected  to have la rg er  amplitudes 
than w ith in  the (1 1 1 ) .
There are two cautions to remember. A l l  measurements to  date have
been on fee  m etals. In none o f  these stu d ies  has the surface  com position
been e s ta b l is h e d  by an independent technique such as Auger sp e c tro s co p y .  This
would c e r t a in ly  prove most d e s ir a b le  in order to remove any doubt about the
in te r p r e ta t io n .  A q u est ion  o f  a d i f f e r e n t  nature has been ra ise d  concerning
35the t h e o r e t i c a l  framework underly ing  these an a lyses .  Laramore and Duke
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have ca r r ie d  out c a l c u la t io n s  o f  the e l a s t i c  s c a t t e r in g  o f  e le c t r o n s  from an 
f e e  l a t t i c e  modeled on aluminum, assuming s-wave s c a t t e r in g  o n ly ,  and a Debye 
spectrum fo r  the phonons. They f in d  that the Debye temperature deduced from 
the temperature dependence o f  the s c a t t e r in g  in t e n s i t y  depends markedly on 
the s c a t t e r in g  power o f  the ion  cores  at the su rface  r e la t i v e  to those in 
the bu lk , as w e l l  as on the p en etra tion  o f  the e le c t r o n s  in to  the l a t t i c e .
Such e f f e c t s  w i l l  l im it  the u ltim ate accuracy  with which the v ib ra t io n s  o f  
the outermost atom layer  can be d isentangled  from those o f  the bu lk . How­
e v e r ,  with care in the a n a lys is  o f  the measurements i t  should be p o s s ib le  
to  approach w ith in  10 percent o f  the a ctu a l  su rface  parameters.
3, OBSERVATION OF INDIVIDUAL ATOMS 
3 .1 .  The Experimental Problem
In co n tr a s t  to the wealth o f  m ateria l now a v a i la b le  on the s tru ctu re  
o f  in d iv id u a l  c r y s t a l  p lan es , l i t t l e  is  known about the p rop ert ie s  o f  atoms 
s e l f -a d s o r b e d  on such su r fa c e s .  This gap a r is e s  la rg e ly  because o f  the 
experim ental d i f f i c u l t i e s  involved  in ch a r a c te r iz in g  atomic beh av ior .
Severe requirements are imposed on any technique that is  to be 
u se fu l  in th is  area:
( i )  I t  has to  be capable o f  operatin g  under ultrahigh-vacuum co n d it io n s  
in order  to  avoid  contamination o f  the c r y s t a l  su r fa ce .
( i i )  I t  has to  r e s o lv e  the atomic s tru ctu re  o f  the su r fa c e .
( i i i )  The a ct  o f  ob serv a t ion  must not perturb  the specimen.
( iv )  The beh av ior  o f  in d iv id u a l  atoms must be d is c e r n a b le .
Although no s in g le  technique in corpora tes  a l l  o f  these d e s ira b le  
f e a t u r e s ,  con s id era b le  inform ation  has become a v a i la b le  over the years
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concern ing  the p ro p e r t ie s  o f  gases and vapors adsorbed on c r y s t a ls »  In
p r in c ip le  more complex than the surface  layer  o f  a c r y s t a l  ho ld ing  i t s  own
atoms, adsorbed gases have one great  p r a c t i c a l  advantage - -  they d i f f e r  from
the su b s tra te .  Given the s ta te  o f  experim ental techniques o f  the past
decade i t  has been a reasonably  stra igh tforw ard  problem to  ch a ra cte r ize
the e n e rg e t ic s  and k in e t i c s  o f  such adsorbed la y e r s .
Consider the behavior o f  a l k a l i  metals on a r e f r a c t o r y  m etal, such
as tungsten. The number o f  a lk a l i  atoms on the su rface  at any time can be
measured by ra p id ly  heating  the c r y s t a l  ( f la s h in g )  and counting the atoms
and ions ev o lv ed ,  e i th e r  w ith  a mass spectrom eter or  i o n iz a t io n  gauge; from
the k in e t i c s  o f  d e so rp t io n ,  the e n e rg e t ic s  o f  b inding can be deduced in the
36usual way from an Arrhenius p l o t .  In form ation  about the c r y s t a l  surface
can be in fe rred  from LEED. Inasmuch as the number o f  a lk a l i -m e ta l  atoms held
on u n it  area o f  the substra te  is  comparable to the number o f  a v a i la b le  surface.
s i t e s  o f  the l a t t i c e ,  the c o n tr ib u t io n  o f  d e fe c t s  such as l a t t i c e  steps can
be r e a d i ly  i s o la t e d .  The arrangement o f  concentrated  layers o f  the a l k a l i
atoms is  again a c c e s s ib le  through LEED s tu d ie s ,  as s c a t t e r in g  from th is
37layer  d i f f e r s  s i g n i f i c a n t l y  from that o f  the bare metal i t s e l f .  F in a l ly ,  
a cesium atom held at a c r y s t a l  surface  w i l l  s u f f e r  an extensive  rearrange­
ment o f  i t s  e le c t r o n  c lo u d ,  approaching in some ways the p ro p e rt ie s  o f  an 
io n .  This p o la r iz a t io n  m anifests i t s e l f  as a con s id era b le  change in the 
su rface  d ip o le  and, t h e r e fo r e ,  in the e le c t r o n  work fu n c t io n  o f  the su r fa c e .  
Taking advantage o f  th is  and o f  the high s p a t ia l  r e s o lu t io n  o f  the f i e l d -
em iss ion  m icroscope , which is  responsive  to changes in  work fu n c t io n ,  i t  is  a
38stra ightforw ard  matter to  document the surface  m o b il i ty  o f  such atoms.
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The s i tu a t io n  i s  e n t i r e ly  d i f f e r e n t  in dea lin g  w ith  atoms at th e ir  
own l a t t i c e .  In p r in c ip le ,  we should be able  to draw upon the s to re  o f  
in form ation  a v a i la b le  about the p ro p e rt ie s  o f  the parent l a t t i c e .  However, 
the experim ental problems become form id ab le .  There is  no longer a simple 
way o f  determining the lo c a t io n  o f  the adatoms. The eq u ilib r iu m  con cen tra ­
t i o n  o f  atoms on the f l a t s  is  very small - -  they are held  e n t i r e ly  at 
growth s tep s ,  An atom added to  the surface  at temperatures high enough f o r  
m o b i l i t y  w i l l  be in corporated  into  the s tep s .  Under these c o n d it io n s ,  the 
k in e t i c s  o f  evaporation  y i e ld  in form ation  on ly  about the o v e r a l l  energy 
change involved in removing an atom from a growth s tep  in to  the vapor (the 
heat o f  v a p or iza t ion  o f  the c r y s t a l ) ,  not about the e n e rg e t ic s  o f  b ind ing  on 
in d iv id u a l p lanes . Only i f  the d i s l o c a t i o n  d en sity  is  so low that d i f f u s i o n  
between steps is  small compared to  evaporation  (a d i f f i c u l t  c r i t e r i o n  to 
r e a l i z e  in p r a c t i c e )  cou ld  any u s e fu l  b inding inform ation  be ob ta ined  in 
such experiments.
C a lor im etr ic  measurements o f  the heat re leased  when atoms are 
allowed to  adsorb on th e ir  own l a t t i c e  are s u b je c t  to the same d i f f i c u l t y .  
Only i f  atomic m o b il i ty  is  small would the measured energy r e f l e c t  the 
in t e r a c t io n  with a p lane. Such stud ies  are w ith in  the realm o f  the p o s s ib le ,  
but would be extremely d i f f i c u l t  to  execu te .  C a lor im etr ic  measurements can 
be made on very thin f o i l s  with a large su r face -to -vo lu m e  r a t i o .  The primary 
problem becomes one o f  preparing the extremely th in  specimen necessary  to  
minimize c o n d u c t iv i ty  l o s s e s ,  while  maximizing surface  e f f e c t s ,  at the same 
time maintaining a high degree o f  surface  p e r f e c t i o n .  A d d it ion a l o b s t a c le s ,  
such as minimizing the ra d ia t io n  input from the source o f  metal atoms,
20
remain to  be overcome« The d i f f i c u l t i e s  o f  such measurements have been so 
obvious as to  keep anyone from even attempting them.
The same fa c to r s  intrude in any attempt to  measure the p ro p e rt ie s  
o f  atoms s e l f -a d s o r b e d  on planes o f  d i f f e r e n t  geom etries . The m o b il i ty  is  
now no longer r e a d i ly  a c c e s s ib le  to o b serv a t ion  in the f i e ld -e m is s io n  
m icroscop e . The w ork -fu n ction  changes produced by putting  an atom on i t s  
own l a t t i c e  are small compared to the e f f e c t s  due to chem ica lly  d i f f e r e n t  
vapors . R a d io -t ra ce r  experiments might s t i l l  y i e ld  m o b il i ty  in form ation .
This would re la te  to motion over a tom ica l ly  f l a t  reg ions only  i f  a d e te c t io n  
technique were a v a i la b le  with a r e s o lu t io n  sm aller than the d istan ce  between 
l a t t i c e  s te p s .  So severe is  th is  requirement that no attempts o f  the so rt  
have been rep orted .
This dismal s i tu a t io n  has changed d ra m a tica l ly ,  however, with the
m 29
in ven tion  o f  the f i e l d  ion m icroscope (FIM) by M uller . This instrument 
o b v io u s ly  s a t i s f i e s  severa l  o f  the important c r i t e r i a  l i s t e d  e a r l i e r  - -  i t  
can  re so lv e  in d iv id u a l  atoms at the su rface  and is simple to  operate under 
ultrahigh-vacuum  c o n d it io n s .  What l i t t l e  we p resen t ly  know about p ro p e rt ie s  
o f  atoms held  on th e ir  own l a t t i c e s  has been learned through the a p p l ic a t io n  
o f  th is  technique. Our emphasis w i l l  th e re fo re  be on th is  method - -  i t s  
s tren gth s  and weaknesses, and on the a n a lys is  o f  the inform ation  about atomic 
behavior o f  s o l id s  gained by i t .
3 .2 .  F ie ld  Ion M icroscopy
Although extremely pow erfu l,  the f i e l d  ion m icroscope is  quite  
s im ple . The surface  i s  prepared in the form o f  a sharply pointed  t ip  with 
a radius o f  a few hundred A. As in d ica ted  in F ig ,  1 th is  is mounted in  the
21
F ig .  1. F ie ld - io n -m ic r o s c o p e  tube, f o r  study o f  su rface  phenomena under 
ultrahigh-vacuum c o n d it io n s .
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cen ter  o f  a tube equipped w ith  a f lu o r e s c e n t  screen  d ep os ited  on a transparent 
e l e c t r o d e .  F ie ld s  on the order o f  4 -5  V/A are e a s i l y  achieved at the t ip  
su rface  when a negative vo ltag e  o f  10-20 kV is app lied  at the screen . Any 
gas admitted to  the tube w i l l  i o n iz e ,  as the p o t e n t ia l  con fro n t in g  an
e le c t r o n  in the v i c i n i t y  o f  the ion  core is  thinned down by the high f i e l d ,
40
This phenomenon was a lready  known in the 1920 s ,  and led  Oppenheimer to
41form ulate  h is  d e s c r ip t io n  o f  tu n n e lin g . In the l im it  o f  low f i e l d s ,  the 
p r o b a b i l i t y  o f  f i e l d  i o n iz a t io n  is  given by
5? = 0,94X10
15 F
7 l
exp - 684 |
3 /2
sec -1 ( 1)
where I is  the io n iz a t io n  p o t e n t ia l  o f  the gas in eV, and F the f i e l d  in V/A, 
More e la b ora te  expressions are necessary  f o r  a q u a n t ita t iv e  d e s c r ip t io n  o f
the io n iz a t io n  at f i n i t e  r a te s ,  but Eq. 1 conta ins  the important p h y s ica l
3 /2parameters - -  the b a r r ie r  h e ig h t ,  in th is  case I , d iv id ed  by the f i e l d .
Close the s u r fa c e ,  the e le c t r o n  p o te n t ia l  is  reduced through the 
image e f f e c t ,  as shown in  F ig .  2, and f i e l d  io n iz a t io n  occurs  p r e f e r e n t ia l ly  
a t  the m ore-protruding atom s i t e s .  The ions crea ted  at the su rface  are 
a cce le r a te d  by the a pp lied  f i e l d ,  r e p l i c a t in g  the lo c a t io n  o f  atom s i t e s  on 
the f lu o r e s c e n t  screen . The m a gn if ica t ion  is equal to  the r a t i o  o f  the 
screen  radius R, d iv id ed  by the radius o f  the em itter  r times a constant (3 
(w ith a value between 1.5  and 2) to  account f o r  image compression by the 
su p p orts .  An estim ate o f  the r e s o lu t io n  6 o f  the m icroscope , d ic ta te d
la rg e ly  by the thermal energy o f  the ions formed at the t i p ,  has been given
, 39,42by M uller as
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F ig .  2. I o n iz a t io n  o f  helium in an e l e c t r i c  f i e l d  F . 0 = work fu n c t io n ,  
I  = io n iz a t io n  p o t e n t ia l  in eV. Dashed l in e  in d ica te s  e le c t r o n  
p o t e n t ia l  in f r e e  space ; heavy s o l id  l in e  g ives  p o t e n t ia l  at the 
s u r fa c e .
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6 = 2 f p2\2mecF +
4^2rkT
ecF
where c i s  the convers ion  fa c t o r  between the a pp lied  vo ltage  V and the f i e l d
F, and T the temperature o f  the s u r fa c e .  I f  the f i n i t e  s iz e  o f  the image
gas atom is  a ls o  included , the l im it in g  r e s o lu t io n  appears to be ~2A. For
the h igh est  r e s o lu t io n  i t  is  d e s ira b le  to operate  at high f i e l d s ,  using
image gases w ith  a high io n iz a t io n  p o t e n t ia l ,  p re fe ra b ly  helium. M icroscopy
with helium, at a f i e l d  o f  4 .5  V/A, has the added advantage o f  a llow ing
opera tion s  at low temperatures w ithout b u i ld in g  up obscuring  gas d ep os its
on the s u r fa c e .  In p r a c t i c e ,  the l im it in g  r e s o lu t io n  is  achieved only  under
sp e c ia l  c ircu m stan ces . As is  apparent from the image in F ig .  3 , low-index
planes are g en era l ly  not re so lv e d ;  io n iz a t io n  takes p la ce  p r e f e r e n t ia l ly  at
the edges o f  the planes where the f i e l d  i s  h igh er .
The images produced in th is  fash ion  are f a i n t .  Gas pressures are 
-3
l im ited  to  10 mm by the requirement that the path o f  the ion created  at 
the su rface  not be d isturbed  by c o l l i s i o n s  w ith  gas atoms. In view o f  the
i
i n e f f i c i e n c y  o f  the o p t i c a l  coupling  involved in photographing the image, 10
or more ions may be necessary  to d e p ic t  an atom, re q u ir in g  exposures on the
order o f  minutes. A v a r ie ty  o f  in te n s i fy in g  d ev ices  has been adapted to cut
down the exposure. The f u l l  d e t a i l s  o f  these instruments, as w e l l  as the
general theory and opera t ion  o f  the FIM has been presented in a u th o r ita t iv e  
39 42 43reviews and books. * * The aim h ere ,  however, is  to  emphasize one very
important p o in t  - -  the great re s o lv in g  power o f  the FIM is  obtained only
Henceforth  in th is  a r t i c l e ,  energ ies  are measured in eV, d is tan ces  in A, and 
p o te n t ia ls  in v o l t s .
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F ig .  3. F ie ld - i o n  image o f  c lea n  tungsten , [110] o r ie n te d .
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under severe op era t in g  c o n d i t io n s .  I t  is  th ere fo re  v i t a l  in any in v e s t ig a ­
t i o n  to ensure that the act  o f  ob serv a t ion  has not s e r io u s ly  perturbed the 
spec imen.
3 .3 .  F ie ld  Desorption
The f u l l  power o f  the FIM can be re a l iz e d  on ly  because o f  the 
extreme p e r fe c t io n  o f  the s u r fa c e .  This is  achieved by maintaining the 
su rface  at a low temperature (u su a lly  ~20 K) and ra is in g  the f i e l d  to  a 
value at which evaporation  o c c u r s .  For the same app lied  v o l ta g e ,  the more 
protruding parts o f  the t i p ,  being at a higher f i e l d ,  evaporate more r a p id ly .  
The su rface  so produced approaches the same degree o f  p e r f e c t io n  as the bulk. 
Above a l l ,  i t  does not  s u f f e r  from the thermal d iso rd er  t y p ic a l  o f  samples 
annealed at high tem peratures, at which an o c c a s io n a l  atom may be d isp laced  
from i t s  normal s i t e .
How does the high f i e l d  bring  about evaporation? This is important
not on ly  f o r  the form ation  o f  the su r fa c e ,  but a lso  in understanding the
a p p l ica t io n  o f  the FIM to the study o f  binding energ ies  at the su r fa c e .
Consider a schematic p o t e n t ia l  curve f o r  an atom, as a fu n c t io n  o f  the
d is tan ce  from the su rface  atoms, as in F ig .  4 . For anything except some
a l k a l i  m eta ls ,  i t  is  cheaper to  remove a neutral at a d esorp t ion  energy x °
rather than an ion o f  charge s ta te  n, requ ir in g  an energy x^j the d i f fe r e n c e
amounts to  I - n0 , I  being  the energy required  to  create  such an ion in
the gas phase, and 0 the work fu n ct ion  o f  the su r fa c e .  For the atom, the
a c tu a l  p o te n t ia l  is not known. For the ion  i t  is  assumed that the energy
2
can be adequately represented  by an image term, -3 .6n  /x  eV, where x is  the 
d is ta n ce  from the image plane in A.
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F ig .  4 . F ie ld  evaporation  o f  metal on image fo r c e  model, = a c t iv a t io n
energy f o r  desorp tion  in high f i e l d ;  IP = image plane; A = screen ­
ing length .
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The presence o f  a high f i e l d  changes the p o te n t ia l  curves s i g n i f i ­
c a n t ly .  The metal atom is  the le s s  s e r io u s ly  a f f e c t e d .  The f i e l d  causes
2
some p o la r i z a t i o n ,  lowering the energy by Pq = % a QF in the fa m i l ia r  second-
2
order  Stark e f f e c t .  The energy o f  the ion is  not on ly  reduced hy %a+F 
through p o la r i z a t i o n ,  a small e f f e c t  by comparison with the n eu tra l atom, 
but by the d i r e c t  in te r a c t io n  between the charge with the f i e l d ,  amounting 
to -nFx. I t  is  important to r e a l i z e  the d i s t i n c t i o n  between the two d is tan ce  
s ca le s  introduced  h ere . For the ion , the d is tan ce  x is  con ven ien tly  
measured from the image p lane; f o r  the atom, the cores  at the su rface  serve 
as a more natural o r i g i n .  Unlike a c l a s s i c a l  con d u ctor ,  the metal a llows 
f i e l d s  to  penetrate a small d is ta n c e ,  on the order o f  the screen ing length
. 44
A. For the io n ,  i t  is  th e re fo re  appropria te  to  reckon d is tan ces  s ta r t in g
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from a screen ing  length behind the c l a s s i c a l  image plane.
C ru c ia l  to any q u a n t ita t iv e  p r e d ic t io n  is  an assumption that has
become t r a d i t i o n a l :  the high f i e l d  pushes back the e le c t r o n  cloud to such
an exten t that in e f f e c t ,  an ion  remains on the s u r fa c e .  For th is  ion the
2
su p e rp o s it io n  o f  the image p o te n t ia l  -3 .6 n  / x  upon the app lied  f i e l d  -Fnx
produces a peak in the en ergy -d is tan ce  r e l a t i o n ,  known as the Schottky
3 /2  1/2b a r r i e r .  Ign or in g  p o la r i z a t i o n ,  th is  peak i s  3 .795  n F eV below the
3 ■ ^
vacuum l e v e l ,  and occurs  at x g ~ — J  A. Provided the f i e l d  and image
terms are based on the same d istan ce  s c a l e ,  f i e l d  p en etra tion  does not 
a l t e r  the Schottky b a r r ie r .
As the f i e l d  at the su rface  is  in creased , the height o f  the b a r r ie r
l o c a l i z i n g  the ion at the su rface  is  reduced. C l a s i c a l l y ,  the ion evaporates 
over the b a r r ie r  once i t s  height has been reduced so that the a v a i la b le  
thermal energy s u f f i c e s  to propel the ion away from the su r fa ce .  The rate  o f
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th is  process  is
x *
, _ *n
^  -  v exp -  k i
*n = Xo + P '  3 .795n3 /2 F 1/2 and X° = X° + , (2 )
where v is  an e f f e c t i v e  v ib r a t io n a l  frequency , and P a term accounting f o r
a l l  p o la r iz a t io n  e f f e c t s .  Tunneling o f  the atoms through the b a r r ie r ,  rather
46 47 48
than evaporation  over i t ,  is  a lso  a p o s s i b i l i t y .  * * For the p ic tu re  ju s t
presented  th is  does not  s i g n i f i c a n t l y  a l t e r  the formalism - -  tunneling  can 
be accommodated by re p la c in g  the a ctu a l  temperature, T, with an e f f e c t i v e  
tunneling  temperature, T , at which the rate o f  b a r r ie r  pen etra t ion  from the 
ground s ta te  is  ju s t  equ alled  by the rate  o f  evaporation  over the b a r r ie r .
On a c l a s s i c a l  p ic tu re  and in the l im it  o f  T = 0 K, the app lied  
f i e l d  must be high enough to  cause the b a r r ie r  to  vanish. This f i e l d  va lue , 
ca lcu la te d  on the assumption that the p o la r iz a t io n  c o r r e c t io n s  are n e g l i ­
g i b l e ,  is  given by
F
i /X ,°  + 1 ”n0 a 2 1 f  o n A
3 v  „ 7Q; Jn 3.795
(3)
For shaping the surface  i t  is  necessary  to  remove many atom la y e rs .  
The energy in th is  process is  the heat o f  evaporation  at T = 0 K, that
is  the energy to  remove an atom from a kink s i t e .  T yp ica l  values p red ic ted  
by Eq. 3 f o r  the f i e l d s  to  produce a w e l l -o rd e r e d  su rface  are l i s t e d  in 
Table IV.
I t  is  apparent that the f i e l d s  (4 .5  V/A) f o r  helium -ion  imaging 
are comparable to those at which evaporation  o f  the surface  may o c c u r .  In
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Table IV. F ie ld  evaporation  c o n d i t io n s .
Element
Charge
n
Evaporation 
C a lc .
F i e ld ,  V/A 
E x p t . (a)
P o la r iz a t io n  
Energy, eV
P o la r iz a t io n  
C o r re c t io n ,  %
Si 1 4.72
2 3 .40 3 .0 - 1.20 -2 4 .5
3 6.03
Ti 1 3.91
2 2.48 2 .5 .07 1.4
3 4 .16
Fe 1 4 .26
2 3.42 3 .6 .53 12.3
3 5.51
Cu 1 3.09
2 4.36 3 .0 - .1 0 -2 .9
3 7.69
Nb 1 6.59
2 3.49 4 .0 1.42 20.7
3 4 .34
Mo 1 5.56
2 3.76 4 .5 1.97 32
3 4 .9
(a) Data from R ef.  (4 2 ) ,
some o f  the more in te r e s t in g  m a te r ia ls ,  rapid  evaporation  makes helium -ion  
imaging im p oss ib le . However, i o n iz a t io n  can be accomplished at lower f i e l d s  
by working w ith  neon ( I  = 21.6 eV) or argon ( I  = 15.8 e V ) . For th ese ,  
adequate ion images are obta ined  at 3 .5  and 2 .2  V/A, r e s p e c t iv e ly .
Unusually d e ta i le d  images are obta ined  at vo ltages  2 /3  those requ ired  with
49pure helium when small amounts (5 percent) o f  hydrogen are added to  helium. 
Although the mechanism o f  th is  promoting e f f e c t  is  s t i l l  not w e l l  understood , 
i t  is  ex ceed in g ly  u s e fu l  f o r  d e p ic t in g  su rfaces  o f  the s o f t e r  m eta ls .
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Another fa c t o r  i n i t i a l l y  l im ite d  the a p p l ic a t io n  o f  the FIM to
the m o re -re fra c to ry  m eta ls .  The f i e l d s  required  f o r  evaporation  are
d ic t a t e d  by the energy f o r  removing an ion ;  the cohesion  o f  the m a te r ia l ,
however, depends upon the in teratom ic  f o r c e s .  The former may be h igh , the
l a t t e r  low, so that r e l a t i v e l y  high f i e l d s  may be needed to  shape a sample
o f  low mechanical s tren gth . This is  g e n e ra l ly  u n su cc e ss fu l ,  r e s u lt in g  in
s l ip p in g  and even complete d e s t r u c t io n  o f  the t i p .  M uller found a way
49around th is  problem. Small a d d it ion s  o f  hydrogen enhance the rate  o f  
evapora t ion  in a high f i e l d ,  so that d e l i c a t e  m a te r ia ls ,  such as i r o n ,  can 
be s u c c e s s fu l ly  formed to g ive  su r faces  o f  high p e r f e c t io n  w ithout 
m echanical damage.
The co n d it io n s  f o r  FIM are qu ite  severe . However, using one t r i c k  
o r  another, ob serva t ion  o f  e lem ental s o l id s  has been s u c c e s s fu l ly  extended 
to  m ateria ls  as weak as g o ld . " ^  For the h igh er- in dex  planes at l e a s t ,  the 
FIM has the c a p a b i l i t y  o f  re v e a l in g  the arrangement o f  su rface  atoms. A 
q u a n t ita t iv e  eva lu at ion  o f  atomic spacing is  not f e a s i b l e ,  as the fa c t o r s  
a f f e c t i n g  the imaging process  are too  many and in t e r r e la t e d .  However, such 
spacings have been adequately documented in LF.F.D s tu d ie s .
Of much g rea ter  concern at the moment is  the crudeness o f  the 
theory on which the in te r p r e ta t io n  o f  the evaporation  process  is  based . How 
evaporation  can provide us with q u a n t ita t iv e  in form ation  on the fo r c e s  
a c t in g  on an atom at a su rface  i s  examined next.
4 ,  DIRECT DETERMINATION OF ATOMIC BINDING ENERGIES
Perhaps the most tempting fea tu re  o f  the FIM is  that the d esorp t ion  
energy o f  atoms on w e l l  ch a ra cte r ize d  s i t e s  appears to  be a c c e s s ib le  
through the r e la t io n
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Xo = ^  " I n " P + 3 ‘ 7 9 5 n 3 / 2 ? l / 2  + kTIn(v/ kg) , (4)
which fo l lo w s  immediately from Eq. 2. However, th is  is  a hope, founded on 
many assumptions and o v e r s im p l i f i c a t i o n s  which need most c a r e fu l  examination. 
The f o l lo w in g  d is cu s s io n  not on ly  d is t in g u is h e s  the areas o f  doubt, but a lso  
emphasizes the degree o f  u n cer ta in ty  l i k e l y  to  en ter ,
4 ,1 ,  Image Force Model
F i r s t  in the l i s t  o f  assumptions on which the usual p ic tu re  o f  
f i e l d  evaporation  i s  based is  the premise that the high f i e l d  s t r ip s  the 
evaporating  atom o f  e le c t r o n s  p r io r  to  evap ora t ion . Evaporation can then be 
viewed as the escape o f  an ion over a Schottky hump. This assumption provides 
an e x p l i c i t  form fo r  the p o te n t ia l  curves involved  in the evapora t ion .
Without i t ,  determ ination o f  the f i e l d  f o r  evaporation  would not immediately 
y ie ld  q u a n t ita t iv e  in form ation  on b inding e n e rg ie s .
The image p o te n t ia l  is  v a l id  f o r  a charged p a r t i c l e  at some d istan ce  
from a s e m i - in f in i t e  metal s u r fa c e .  In f a c t ,  in d is cu ss in g  f i e l d  ev a p ora t ion , 
Tsong and M u ller “^  argue that the exp ress ion  f o r  the image p o te n t ia l  main­
ta in s  i t s  exact  form, w ithout any need to account f o r  f i e l d  pen etra tion  in 
r e a l  m etals , R ecen tly ,  however, there has been con s id erab le  t h e o r e t i c a l
e f f o r t  to  e s ta b l is h  the in te r a c t io n  energy between a p o in t  charge and a semi- 
52 53i n f i n i t e  metal. ’ There now appears genera l agreement that th is  p o te n t ia l
2
can be expressed as -3 .6n  / x ,  provided x denotes the d is tan ce  to the c l a s s i ­
c a l  image plane plus the screen ing  length A, as has been the convention  in
th is  paper, The screen ing  len gth , however, is  not the usual Thomas-Fermi
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value 1/ X , but has instead  been approximated as
A = X' 1 + tt (4kj,) ,
where is  the wave v e c to r  at the Fermi s u r fa c e .
At sm aller se p a ra t io n s ,  the su rface  s tru ctu re  may no longer be
represented by a p e r f e c t  p lane; the shape o f  the sample w i l l  then a f f e c t  the
54in te r a c t io n  with the ion , as pointed  out by Lewis. C loser  in s t i l l ,  at
d is ta n ce s  on the order o f  the atomic spacin g , we can expect quantum mechanical
55e f f e c t s  to  cause d ev ia t ion s  from the image p o t e n t ia l .  At f i e l d s  t y p i c a l  
fo r  the evaporation  o f  m eta ls ,  the Schottky hump is  w ith in  an angstrom o f  
the e q u ip o te n t ia l  s u r fa c e .  At such d is tan ces  the simple image model must 
break down, s e r io u s ly  impairing the a p r i o r i  v a l id i t y  o f  the b as ic  f i e l d -  
evaporation  e x p ress ion .
To make u se fu l  p r e d ic t io n s ,  o r  to deduce b inding energ ies  from
experim enta lly  observed evaporation  f i e l d s ,  one req u ires  inform ation on the
p o l a r i z a b i l i t y  term. This is  an extremely uncerta in  m atter. What enters
here is  a ,  the d i f f e r e n c e  between the p o l a r i z a b i l i t y  a o f  the atom on the
surface  in the high f i e l d  in which desorp t ion  o c c u r s ,  and the p o l a r i z a b i l i t y
o f  the evaporating  ion  ot+ . The on ly  way to  determine th is  c o r r e c t io n  appears
56to be through desorp t ion  experiments in high f i e l d s .  I f  we accept the 
v a l id i t y  o f  the model, then the d i f f e r e n c e  between the experim enta lly  
observed f i e l d  and that ca lc u la te d  ign orin g  P g ives  us the c o r r e c t io n  due 
to p o la r i z a t i o n .
An a l t e r n a t iv e ,  more soundly based method is  to measure the f i e l d  
dependence o f  the rate  o f  evapora t ion . From Eq. 2 we f in d  that
34
/ -din l f 3c795 3 / 2  1/2
WnnyT = is 2 “  n F (5)
so that the p o la r iz a t io n  term is  d i r e c t l y  a c c e s s ib le  to  experiment.
The a c t iv a t io n  energy f o r  f i e l d  eva p ora t ion , x^» can be derived  as 
usual from the temperature dependence o f  the ra te .  Since
+ I -n0 n 3 . 795n
3 /2 f 1/2 (6 )
and we know the p o la r iz a t io n  term from the f i e l d  dependence, the b inding
energy o f  the atom can be der ived  from these measurements. I t  should be
c l e a r ,  however, that at the low temperatures (T < 200 K) at which these
experiments must be done, the a c t iv a t io n  energy x^ is  very small (x^ < e V ) .
The value o f  x°> the atomic b ind ing  energy, is  th e re fo re  dependent e n t i r e ly
upon the f i e l d  terms. Measurements at d i f f e r e n t  f i e l d s  have been c a rr ie d
3 3out f o r  tungsten , molybdenum, and platinum, y ie ld in g  Oi = 3 .5  A , 5 A , and 
3 468.3 A , r e s p e c t iv e ly .  At the evaporation  f i e l d  th is  amounts to  a c o r ­
r e c t io n  on the order o f  4 eV, compared to values le ss  than h a l f  that ob ta ined  
from the d i f f e r e n c e  between the a ctu a l  and p re d ic te d  evaporation  f i e l d s  
( in Table I V ) .
I t  is  c le a r  that the p o la r iz a t io n  c o r r e c t io n  can be s i g n i f i c a n t .
The d is co r d  between estim ates der ived  by d i f f e r e n t  methods suggests some 
d e f i c ie n c y  in the approach. Note furthermore that the p o la r iz a t io n  is  l i k e ly  
to be s i t e - s p e c i f i c . “*^  To ob ta in  b inding energ ies  fo r  atoms at d i f f e r e n t  
p lanes , knowledge o f  the c o r r e c t i o n  at the s p e c i f i c  s i t e s  i s  necessary . The 
f i e l d  dependence o f  the evaporation  rate o f  atoms in that p a r t ic u la r
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c o n f ig u r a t io n  could  again be used to  determine the p o l a r i z a b i l i t y  term. This 
is  a much more d i f f i c u l t  procedure , however, than f o r  evaporation  o f  the 
su r face  as a whole.
Granting f o r  the moment the v a l id i t y  o f  the model, as w e l l  as a
knowledge o f  the p o la r i z a t i o n ,  i t  is  s t i l l  necessary  to  know both the
io n iz a t io n  p o te n t ia ls  I and the work fu n c t io n  0 o f  the m ater ia l  s tu d ied .
The l a t t e r  have been qu ite  w e l l  documented, and average work fu n c t ion s  f o r
58a v a r ie ty  o f  c lean  su rfaces  are known. Again the work fu n c t io n  varies
from one plane to  the next. Any attempt to determine b inding en erg ies  re s ts
upon a knowledge o f  the work fu n c t io n  f o r  the plane on which an atom is
h e ld .  So fa r  such data are a v a i la b le  on ly  f o r  s i l i c o n ,  germanium and a
l im ite d  number o f  r e f r a c t o r y  m etals: tungsten , tantalum, molybdenum and
rhenium. Unfortunately  i t  is  p r e c i s e ly  f o r  these metals that in form ation
59on io n iz a t io n  p o te n t ia ls  is  sparse .  M oore ’ s a u th o r i ta t iv e  summary on
io n iz a t io n  p o te n t ia ls  can sometimes be m is lead in g , as many o f  the values
l i s t e d  fo r  the r e f r a c t o r y  metals have been obtained  by e x tr a p o la t io n
schemes, and are by now outdated .
F in a l l y ,  the b inding energy deduced from f i e l d  d esorp t ion  depends
upon the charge sta te  n o f  the ion  formed. This has been p re d ic te d  by
c a lc u la t in g  the f i e l d  f o r  evaporation  o f  d i f f e r e n t l y  charged e n t i t i e s  using
Eq. 3; that charge is  assumed to evo lve  f o r  which the evaporation  f i e l d  is
low est . This procedure is c e r t a in ly  c o n s is t e n t ,  but robs us o f  another
independent check o f  the v a l id i t y  o f  the b a s ic  f i e l d  evaporation  model.
Measurements o f  the charge s ta te  o f  ions have r e c e n t ly  become
60a v a i la b le  from stu d ies  in the atom probe. In th is  instrument, shown 
sch em a tica l ly  in F ig .  5, ions crea ted  by f i e l d  evaporation  are allowed to
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Pulse Source
AS-12
F ig .  5. Schematic o f  atom probe f i e l d  ion m icroscope .
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d r i f t  down a f i e l d  fr e e  space ; the time o f  f l i g h t  t to a d e te c to r  a known 
d is tan ce  d from the em itter  is  then a ccu ra te ly  measured,, From a knowledge 
o f  th is  time and o f  the k in e t i c  energy o f  the p a r t i c l e s  (th a t  i s ,  o f  the 
p o t e n t ia l  V through which they have been a c c e l e r a t e d ) , the charge-to-m ass
r a t i o  n/m can be immediately determined accord in g  to  n/m --------- x
2Vt 60,61The e a r l i e s t  s tu d ies  o f  th is  s o r t  e s ta b l is h e d  an anomaly.
On the image fo r c e  model, form ation  o f  charge s ta te  +2 is  p red ic ted  f o r  most
m eta ls .  There is  an o c c a s io n a l  element that we can expect to  desorb with
charge +1 in a high f i e l d ;  none are p re d ic te d  to evo lve  in charge s ta te  
46+3. The experiments revea led  qu ite  a d i f f e r e n t  behavior - -  t r i p l y  and
o f t e n  quadruply charged ions have been reported  f o r  many elem ents. A
p a r t ia l  q u a l i t a t iv e  survey o f  th is  phenomenon is g iven  in Table V.
Several fa c t o r s  may be involved  in the form ation  o f  these h igh ly
charged io n s .  As most o f  the work reported  has been done under moderate
vacuum c o n d i t io n s ,  the p o s s i b i l i t y  e x i s t s  that adsorbed layers  may have
62exerted  a s i g n i f i c a n t  e f f e c t .  Many o f  the ch a rg e -s ta te  p re d ic t io n s  are 
based on values o f  the io n iz a t io n  p o te n t ia ls  with l i t t l e  experim ental 
foundation . The p o s s i b i l i t y  has a lso  been ra ised  that such h igh ly  charged 
e n t i t i e s  may not be the product o f  f i e l d  ev a p ora t ion . They could  instead be 
formed away from the s u r fa c e ,  by fu r th er  io n iz a t io n  in the high f i e l d s
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surrounding the e m it te r ,  but a f t e r  the evaporation  process  is  completed.
Another u n certa in ty  enters  because in atom-probe experim ents, in 
which the ion  is  removed by a very rap id  pulse (w ith  a r i s e  time o f  nano­
se co n d s ) ,  the instantaneous f i e l d  opera t in g  on the t i p  is  d i f f i c u l t  to
d e f in e .  I t  is  th e re fo re  not in con ce iv ab le  that ions cou ld  be desorbed at
. 63 ,f i e l d s  above the minimum value necessary f o r  ev a p ora t ion . L ast ,  the
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Table V. Ion Abundance in  Atom Probe
Charge State
+1 +2 +3 +4 R e f .
Fe 16 60 2 - (62)
Rh - 37 14 - (62)
W 1 3 275 2 (61)
I r - 7 1 - (61)
standard p ic tu re  o f  the f i e l d  evaporation  process  may ju s t  be s e r io u s ly  
lack ing  - -  which, in view o f  the many assumptions a lready mentioned, would 
not be su rp r is in g .
The f u l l  im p lica t ion s  o f  atom-probe s tu d ies  f o r  the mechanism o f  
f i e l d  evaporation  are not yet  c l e a r .  However, i t  appears that su rface
contamination is  not the s o le  c u l p r i t .  Studies in an ultrahigh-vacuum atom
63 +3 +2
probe, by Chambers e t  a l . ,  have revea led  Mo as w e l l  as Mo . This is
the on ly  system fo r  which meaningful con c lu s ion s  can be expected : o f  the
more r e f r a c t o r y  elem ents, i t  is  the on ly  one f o r  which both the work 
fu n c t io n  and the h igher io n iz a t io n  p o te n t ia ls  have been adequately documented. 
The e f f i c i e n c y  o f  p o s t io n iz a t io n  has a lso  been examined c a r e f u l ly  by these 
in v e s t ig a t o r s ;  from th e ir  work i t  emerges that th is  is  i n s u f f i c i e n t  to 
account f o r  the high charge s ta te s  observed . The p o s s i b i l i t y  e x is t s  that 
some o f  the h igh ly  charged ions may be crea ted  due to l o c a l  f i e l d  enhance­
ment at the s u r fa c e .  A c l o s e r  study o f  these phenomena is  in o rd er .  How­
ev er ,  the f in d in g s  in the atom probe undermine con f id en ce  in the v a l id i t y  
o f  the c l a s s i c a l  view o f  f i e l d  evapora tion .
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4 ,2 ,  Charge-Exchange Model
An a lte r n a t iv e  to the t r a d i t i o n a l  view o f  f i e l d  evapora tion  in 
metals i s  to con sider  the evaporation  along the l in e s  u s e fu l  in dea lin g  with 
atoms c o v a le n t ly  held at a s o l i d . j u s t  as b e fo r e ,  evaporation  at high 
f i e l d s  now involves  a t r a n s i t io n  from an atomic to an io n ic  s t a te .  The 
l im it in g  step  is  not evaporation  o f  the io n ,  however, but the c r o s s in g  from 
the atomic to the io n ic  p o t e n t ia l  cu rve ,  as in d ica ted  in F ig .  6 . The a c t i ­
vation  energy f o r  f i e l d  ev a p ora t ion , v ^ , is  now ju s t  the d i f f e r e n c e  betweenn
the p o te n t ia l  energy o f  the atomic ground s t a te ,
V (F) a v 7
and the p o te n t ia l  o f  the atomic or i o n ic  curve at the c r o s s in g  p o in t  x c , where
Vi (F ,x )  = I -n0 - nFx - |  a + F2 + Vi (0 ,x )  . (7 )
The f i r s t  two terms r e la t e  the p o te n t ia l  energy o f  the ion to that o f  the 
vacuum le v e l  o f  the atom; the th ird  term g ives  the lowering o f  the p o te n t ia l  
energy o f  the po in t  charge by the f i e l d  (w ith x in c lu d in g  again the screen ing  
d is tan ce  A ) . The usual p o la r iz a t io n  term, together  with the in te r a c t io n  
energy o f  the ion with the s u r fa c e ,  complete the r e la t i o n  f o r  the io n ic  
p o t e n t ia l .  Note that e f f e c t s  such as le v e l  broadening have been n eg lected  
h e r e .
The a c t iv a t io n  energy is  now given  as
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F ig .  6 . P o te n t ia l  diagram fo r  f i e l d  evaporation  in charge-exchange model.
Schottky hump is  to  the l e f t  o f  in t e r s e c t io n  between atomic and 
io n ic  curves .
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X* = V . (F ,x ) - V (F)
= X° + In - n0 - nFxc + -±«*o - CX+)F2 + V.(0,  xc> . (8)
To make any immediate p r e d ic t io n s ,  we need a l l  the usual parameters, togeth er  
w ith  inform ation  on the c r o s s in g  p o in t  x c as w e l l  as on the value o f  the 
i o n i c  in t e r a c t io n  energy ( 0 , x c ) . For the l a t t e r  we again have to  assume 
the image p o t e n t ia l .  S ince we do not know the course o f  the p o te n t ia l  f o r  
the atoms, some a r b i tr a r y  assumption has to  be made to  f i x  the c r o s s in g  p o in t  
x c * I t  appears that in th is  form ulation  o f  the d esorp t ion  p ro c e s s ,  i t  is  
necessary to make even more assumptions than in our previous model to r e la te  
the d esorp t ion  f i e l d  to  the b inding energy o f  the atom, x°<>
A d i r e c t  experim ental eva lu at ion  o f  many o f  the s i g n i f i c a n t  parameters 
in vo lved  i s  p o s s i b l e , ^  however, by fo l l o w in g  the procedures a lready o u t l in e d  
f o r  the image fo r c e  model.
From the v a r ia t io n  o f  evaporation  rate  with f i e l d  we ob ta in
-d In k.
kT (""§?  ^ ) „  = nxc + «  F ’
a = (aQ - <*+ ) , (9)
assuming that the c r o ss in g  po in t  x£ does not depend s e n s i t iv e ly  upon the
f i e l d .  Both nx£ and the p o la r iz a t io n  c o r r e c t i o n  are th ere fo re  immediately
a v a i la b le .  The temperature dependence o f  the evaporation  as usual y i e ld s  
+
X^. Provided the io n ic  in te r a c t io n  term V^OjX^J is  known (tog e th er  with 
I n and 0 ) ,  we have a v a i la b le  a l l  the parameters necessary to f i x  x°*
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Tsong and M uller have r e c e n t ly  ca r r ie d  out th is  a n a lys is  f o r  the
3
f i e l d  evaporation  o f  a tungsten t i p ,  and f in d  a = 3 .44  A . Assuming that
tungsten evaporates with a charge n = +3 , they a ls o  d er ive  a value o f  0 .55  A
fo r  x c> the lo c a t io n  o f  the c r o s s in g  p o in t .  The p o l a r i z a b i l i t y  term is in
e x c e l l e n t  agreement w ith  the value p re v io u s ly  found by Brandon4 assuming
an image fo r c e  model f o r  evap ora t ion . An a c t iv a t io n  energy o f  0 .16 eV
was determined at a f i e l d  o f  5.7  V/A. Since the energy o f  v a p or iza t ion  is
known, i t  is  o f  in t e r e s t  to check the v a l id i t y  o f  the image p o t e n t ia l .  With
the values o f  the various constants g iven  in R e f .  48, th is  leads to ann
io n ic  p o te n t ia l  o f  -2 3 .5  eV, compared to -2 6 .2  eV p re d ic te d  by the image
p o t e n t ia l .  Note that th is  amounts to  a d is p a r i ty  o f  on ly  0 .6  A in x .
I t  should be apparent that the procedures f o r  d er iv in g  inform ation
from f i e l d  evaporation  experiments i s  much the same f o r  both models o f  the
evaporation  p ro c e ss .  In p r in c ip le ,  the appropriate  model cou ld  be s e le c t e d
i f  the p o te n t ia l  curves and other parameters (a , x^ , I , 0 ) were a v a i la b le .
This is  not the case at the moment, nor are such data l i k e ly  in the near
fu tu r e .  In l i e u  o f  t h i s ,  a c r i t i c a l  comparison o f  the f i e l d  dependence
o f  the evaporation  process  p red ic ted  by the two models might be in s t r u c t iv e .
3 /2  1/2I f  evaporation  over a Schottky hump is  l im it in g ,  then (kT In k - 3.795n F )E
2
should vary as F . I f  charge exchange is  the slow p ro c e ss ,  however, the log
ndo f  the evaporation  rate  should b est  be represented  by a 2 o rder  polynom ial.
C £
The r e s u lt s  o f  analyzing the data o f  Tsong and M uller in both
ways are shown in F ig .  7. The image p o t e n t ia l  model g ives  a con s id erab ly
3
b e t t e r  f i t  o f  the data , y ie ld in g  a p o l a r i z a b i l i t y  o f  4 .7  A . The s c a t te r  o f  
the data is too la r g e ,  however, to  a llow  a con v in c in g  d e c is io n .  In f a c t ,
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F ig .  7. P re d ic t io n s  o f  image f o r c e  and charge exchange model f o r  f i e l d  
evaporation  o f  tungsten. Experimental data from R ef.  56.
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w ith in  the la s t  few months Tsong has presented new measurements o f  f i e l d
3
evaporation  f o r  tungsten; from these he deduces a value o f  Qt = 4 . 6 + 0 .6 A 
qu ite  d i f f e r e n t  from h is  e a r l i e r  r e s u l t s .
Both approaches to  f i e l d  evaporation  s u f f e r  from the same d i f f i ­
c u l t i e s .  Both requ ire  a knowledge o f  the higher io n iz a t io n  p o te n t ia ls  o f te n  
not a v a i la b le  f o r  the more in te r e s t in g  m eta ls ;  both r e ly  on a knowledge o f  
the p o te n t ia l  energy o f  the ion in proxim ity  to the s u r fa c e ,  and th is  is the 
re a l  l im ita t io n  in determ ining the b inding e n e r g ie s .  In p r in c ip le  i t  is  
p o s s ib le  to avoid  th is  problem. Studies o f  f i e l d  evaporation  at higher 
temperatures, that i s ,  at lower f i e l d s ,  would p lace  the peak o f  the b a r r ie r  
fu r th er  from the s u r fa c e ,  in su rin g  the v a l id i t y  o f  the image p o te n t ia l  f o r  
the ion . U nfortunately  there are fundamental l im ita t io n s  on the temperature 
range that can be ex p lo red . When determining the b inding energy o f  atoms 
on d i f f e r e n t  s i t e s ,  the temperature must be low enough to  prevent s i g n i f i c a n t  
d i f fu s i o n  while the f i e l d  is  on. Using sh o rt -d u ra t io n  pulses i t  may be 
f e a s ib l e  to  ca rry  out measurements up to  200 K, For tungsten atoms on the 
( 211) ,  we estim ate that at th is  temperature evaporation  would occur with a 
rate  constant o f  1 atom /sec at ~ 5 .2  V/A. The peak o f  the b a r r ie r  on the image 
fo r c e  model would s t i l l  be on ly  1.2 A from the image plane - -  not a s i g n i f i ­
cant improvement over low-temperature measurements. At the moment, progress 
in th is  p a r t ic u la r  area appears to depend upon fu r th er  t h e o r e t i c a l  e f f o r t .
4 .3 .  Experimental Studies o f  Atomic Binding
Attempts to measure the b inding o f  metal atoms on d i f f e r e n t  planes
o f  a tungsten c r y s t a l  have been made by two groups: studies  on tungsten
48atoms were ca rr ie d  out by E h r lich  and K irk ; these were confirmed and
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extended to  a s e r ie s  o f  5-d atoms, such as rhenium, tantalum, and platinum,
6 5by Plummer and Rhodin. Both r e s t  on the a p p l i c a t io n  o f  the image fo r c e  
model to  the in te r p r e ta t io n  o f  the experim enta lly  determined desorp t ion  f i e l d s .
The procedure in the f i r s t  o f  these s tu d ies  was to  d e p o s it  atoms 
on a f i e l d  evaporated em itter  from a r e s i s t i v e l y  heated sou rce . As is  
apparent from F ig .  8 , in d iv id u a l  atoms are c l e a r ly  revea led  on the d i f f e r e n t  
p lanes . The v o ltag e  necessary  f o r  d esorp t ion  was then determined by in cr e a s ­
ing the d -c  p o t e n t ia l  on the em itter  in small increm ents, imaging the surface  
between each vo ltag e  a p p l ic a t io n  to  e s t a b l i s h  the lo c a t io n  o f  the atoms 
removed. Only during the ion  m icroscopy was image gas presen t ;  d esorp t ion  
was c a r r ie d  out in an ultrahigh-vacuum a f t e r  the image gas had been pumped 
o u t .
For a g iven a p p lied  p o t e n t ia l ,  the f i e l d  may vary by as much as
6630 percent from one plane to  another. The c o r r e c t io n  required  to  account
fo r  th is  can be determined from the v a r ia t io n  in vo ltag e  necessary to  main-
6 7ta in  optim al fo cu s  o f  the ion image. The con n ection  between vo ltage  and
f i e l d ,  F = cV, is  made through measurements o f  the c u r re n t -v e r s u s -v o lta g e
c h a r a c t e r i s t i c s  f o r  the f i e l d  em ission o f  e l e c t r o n s ;  s in ce  the work fu n ct ion
o f  the tungsten su rface  is  known, the Fowler-Nordheim r e la t i o n ,  which
e s ta b l is h e s  the e le c t r o n  em ission as a fu n c t io n  o f  the f i e l d ,  y ie ld s  the
68necessary  p r o p o r t io n a l i t y  constant c .
As a lready poin ted  o u t ,  there is  ser iou s  doubt about the v a l id i t y  
o f  the image fo r c e  model. To check the a p p l i c a b i l i t y  o f  the model, measure­
ments were made o f  the f i e l d  f o r  evaporation  o f  the t i p  as a whole, a process 
f o r  which the d esorp t ion  energy is  ju s t  the tabu la ted  value o f  the heat o f  
v a p o r iz a t io n .  U nfortu nate ly , s p e c t r o s c o p ic  values o f  the h igher io n iz a t io n
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F ig .  8 . D ep os it ion  o f  tungsten atoms on a tungsten surface  at 20 K.
L e f t :  c lean  tungsten su rface  produced by f i e l d  evapora t ion . 
R ight: same s u r fa c e ,  a f t e r  exposure to  W atoms. Source 
d i r e c t i o n  in d ica ted  by arrow.
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p o te n t ia ls  f o r  tungsten are not a v a i la b le .  The values l i s t e d  by Moore are
e x tra p o la t io n s  from elements in the neighboring  rows, in  part based on ou t-  
48dated m a ter ia l .  New e x tra p o la t io n s  were used to  a r r iv e  at I = 26.2 eV
and I ~  57 eV. With these values i t  appears that the image fo r c e  model
g iv es  a reasonably  good account o f  the f i e l d  ev a p ora t ion , the p o la r iz a t io n
term amounting to  on ly  6 percent o f  the heat o f  v a p o r iz a t io n .  The
p o l a r i z a b i l i t y  derived  from th is  c o r r e c t i o n  was then used to  c o r r e c t  the
atomic b inding en erg ies  on d i f f e r e n t  p lan es .  As already pointed  o u t ,  th is
agreement i s  no assurance o f  the v a l id i t y  o f  the approach. A c o r r e c t io n
amounting to more than 5 eV is  der ived  from the f i e l d  dependence o f  the
evaporation  r a t e .  For molybdenum, which should behave qu ite  s im i la r ly ,  the
necessary p h y s ica l  constants  are w e l l  e s ta b l is h e d .  For th is  metal the data
in Table IV in d ica te  a s i g n i f i c a n t  d is p a r i t y  between the experim ental
desorp t ion  f i e l d  and the value p red ic ted  by ign or in g  p o la r i z a t i o n .
The procedures in the on ly  other b inding study p resen t ly  a v a i la b le ,  
6 5that o f  Plummer and Rhodin, are g e n e ra l ly  much the same. There a re ,  
however, some s ig n i f i c a n t  d i f f e r e n c e s ,  the most important being that 
d esorp t ion  was ca rr ie d  out in the presence o f  the image gas , using a pulsed 
f i e l d .  Pulses o f  le ss  than 100-microsecond duration  were found to  suppress 
any e f f e c t  due to the presence o f  the gas. This a s s e r t io n  has r e c e n t ly  come 
under some s u s p i c i o n . I n  th e ir  atom probe work, M u ller ,  e t  a l . ^  were
- j_ [ j | | |
able to id e n t i f y  products such as WHe and WHe2 when tungsten was f i e l d
-4desorbed at a helium pressure o f  10 mm. In a f i e l d  o f  4 .5  V/A, the image 
gas is  held  to the su rface  with an energy o f  0 .14  eV. I t  is  th is  adsorbed 
layer  that appears to  be involved  in the redu ction  o f  the evaporation  f i e l d  
by the image gas which has been observed in the past .  Even when the f i e l d  is
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re la x e d ,  th is  layer d isappears on ly  s lo w ly ,  so that pulsed f i e l d s  are 
u n l ik e ly  to  avoid  the e f f e c t s  o f  the image gas. The d e t a i l s  o f  the mechanism 
by which metal-helium  ions are formed are c e r t a in ly  not yet  c l e a r .  I t  does 
appear, however, that at temperatures up to  77 K i t  is  a helium-metal complex 
ra th er  than ju s t  an atom that ev o lv es  during f i e l d  evaporation  in the 
presence o f  helium gas. The exten t to which the models p re v io u s ly  d escr ibed  
are a p p l ica b le  is  th e re fo re  p laced  in even more se r iou s  doubt, and measure­
ments done in the presence o f  helium must be trea ted  with ca u t ion .
The re s u lt s  o f  the two s tu d ies  on tungsten atoms are l i s t e d  in 
Table VI. I t  is  o f  in te r e s t  that the desorp t ion  f i e l d s  found f o r  the various 
planes are in reasonably  good agreement. The d esorp t ion  en erg ies  d i f f e r ,  
but these d i s p a r i t i e s  a r is e  from d i f f e r e n t  ch o ice s  o f  the work fu n ct ion s  and 
io n iz a t io n  p o t e n t ia ls .  The most s t r ik in g  fea tu re  o f  the measurements is  
the r e la t io n s h ip  between b inding energy and surface  s tru ctu re  revea led  here . 
I t  has g e n e ra l ly  been b e l ie v e d ,  la rg e ly  on the b as is  o f  nearest neighbor 
models, that b inding on a to m ica l ly  smooth planes would be weaker than on 
rough s u r fa c e s .  This is  not at a l l  the trend apparent from the f i e l d  
desorp t ion  s tu d ie s .  In f a c t ,  on very rough planes such as the (411) (an 
atomic model o f  which is  shown in F ig .  9) the b inding energy found from 
f i e l d  d esorp t ion  is  sm aller than on a r e l a t i v e l y  c lo se -p a ck ed  su rface  such 
as (2 1 1 ) .  These trends are examined more c l o s e l y  la t e r .
Attempts have re c e n t ly  been made to measure the r e la t i v e  b inding 
o f  atoms at various l a t t i c e  steps  and corners by determining the r e la t iv e  
ra te s  o f  f i e l d  evapora tion . These measurements have not yet been checked 
in the absence o f  image gas and may th e re fo re  be d i f f i c u l t  to  in t e r p r e t .
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F ig .  9. Hard-sphere model o f  b o d y -ce n te re d -cu b ic  s u r fa c e s .
50
Table VI. Binding Energy o f  Tungsten Adatoms ( a)
Plane
<M v D esorption  F ie ld ,  V/A Binding Energy, eV
E&K P&R E&K P&R E&K P&R
( 110) 5 .5 8.0 3.68 3.45 5.3 8.2
( 100) - 4 .80 - 5 .01 - 8.0
( 211) 4 .88 4 .90 4.88 4 .52 7.0 6.9
(310) 4 .34 - 5 .21 - 6 .7 -
( 111) 4 .40 4 .45 4 .88 4 .79 6.0 6.7
(321) 4 .54 4 .60 5.02 4 .98 6.7 7.4
(411) 4 .40 - 4 .96 - 6.2 -
(a) E&K., R ef.  48; P&R, R e f. 65.
The f i e l d  evaporation  o f  tungsten atoms adsorbed on the (110) has a lso  been
determined as a fu n c t io n  o f the f i e l d .  From these s tu d ie s ,  Tsong 64 deduces
a p o l a r i z a b i l i t y  a = 6 . 8 + 1 3A . No attempt was made to examine the b in d in g .
5. DIRECT DETERMINATION OF ATOMIC MIGRATION ENERGIES
I t  should be apparent that the f u l l  power o f  f i e l d  d esorp t ion  
s tu d ies  w i l l  be r e a l iz e d  on ly  once the theory o f  these simple experiments is  
p laced  on a sounder f o o t in g .  At the moment the in form ation  a v a i la b le  is  
t i t i l l a t i n g ,  but hardly  c o n c lu s iv e .
Somewhat le ss  d i r e c t  in form ation  on binding energ ies  is  a v a i la b le ,  
again through the FIM, by methods that are experim enta lly  more com plica ted , 
but r ig o r o u s .  This is  achieved through stu d ies  o f  atomic motion on s in g le  
c r y s t a l  planes As we have a lready seen (F ig .  8) the f i e l d  ion microscope 
is  able to lo ca te  in d iv id u a l  atoms adsorbed on a s u r fa c e ,  even though i t  may 
n ot  always be able to re s o lv e  the arrangement o f  the l a t t i c e  atoms underneath. 
I t  is  th e re fo re  f o r  the f i r s t  time p o s s ib le  to  observe Brownian motion 
d i r e c t l y .
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5 .1 .  Random Walks and Surface D i f fu s io n
In s u r f a c e -d i f fu s i o n  experiments on m acroscopic  samples, on ly  the 
o v e r a l l  mass t r a n s p o r t ^  has been observed , presumably in vo lv in g  the t r a n s fe r  
o f  atoms from l a t t i c e  edges onto the f l a t s ,  as suggested in F ig .  10. The 
in d iv id u a l  steps in th is  o v e r a l l  process  have not been a c c e s s ib le  to d i r e c t  
study in the p a st .  The c l o s e s t  anyone has come to  th is  is  in the growth o f  
w h iskers. There the absence o f  d i s l o c a t i o n s  insures that the l im it in g  step  
in the growth i s  a c tu a l ly  the tran sport  o f  m ateria l over the a tom ica lly  
smooth s id e s .  However, the a n a lys is  o f  these experiments is  based upon 
approximations to  the d i f f u s i o n  equation  which l im it  the v a l id i t y  o f  the 
e n e rg e t ic s  d e d u c e d .^
Inform ation  on the m igration  o f  atoms is  o f  con s id erab le  in t e r e s t ,  
as th is  c o n s t i t u t e s  one o f  the s i g n i f i c a n t  events in the k in e t i c s  o f  growth 
and ev a p ora t ion , as w e l l  as in shape changes o f  c r y s t a l s .  In our co n te x t ,  
however, the m igration  can be viewed p r im a rily  as an experim ental probe o f  
the in teratom ic  fo r c e s  at the s u r fa c e .  In d i f fu s in g  over a p lane, at 
temperatures at which an atom hops from one eq u ilib r iu m  adsorption  s i t e  to 
another, the rate  o f  jumping to any one o f  the n earest-n e igh bor  s i t e s  is 
g iven  in the usual approximation o f  abso lu te  rate theory by
AS* V*
w = v exp —  exp - ^  . ( 10)
Here, v is  the v ib r a t io n a l  frequency o f  the atom in the d i r e c t io n  o f  the 
m otion, and As* and are the entropy and energy o f  a c t iv a t i o n .  The l a t t e r  
two q u a n t it ie s  can be v is u a l iz e d ,  in analogy with a sem iem pirical d e s c r ip t io n
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Surface > 
Vacancy ADATOM BINDING
F ig .  10. Schematic o f  atomic processes  p a r t i c ip a t in g  in mass t ra n s fe r  over 
a su r fa ce .
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73o f  d i f f u s i o n  in the bu lk , as in d ic a t in g  the changes o f  the entropy and 
energy o f  the system when an atom is  moved from the eq u ilib r iu m  s i t e  to  the 
saddle p o in t ,  while con fin ed  to  a plane perpendicu lar  to the d i r e c t io n  
o f  motion.
2
The mean-square d is tan ce  <R ) covered  by an atom execu tin g  a 
random walk o f  many steps during an in te r v a l  t , is  ju s t
( R2) = Kwri2 , ( 11)
where K is  a numerical constant that accounts f o r  the geometry, and l  is  
the mean-square jump d is ta n ce .  For a (100) plane in the bcc  l a t t i c e ,  c is  
4 and & = a^, where a^ is  the l a t t i c e  spacin g . For a l l  p r a c t i c a l  purposes 
these q u a n t it ie s  are temperature independent, the v a r ia t io n  in the d is tan ce  
covered a r is in g  e n t i r e ly  through the jump rate  w. The mean-square d is tan ce  
f o r  un it  time in te rv a l  is  simply r e la te d  to  the a c t iv a t io n  energy through
/ tA  o AS*
In = In KX2v 1T +
v +m
kT ( 12)
the l a t t e r  can be obtained as usual from a sem ilogarithm ic p lo t  aga inst  1 /T . 
There are r e a l l y  only  two assumptions inherent in th is  a n a ly s is .
( i )  The atom d escr ib es  an u n corre la ted  random walk.
( i i )  Transfer from an eq u ilib r iu m  s i t e  to another occurs  by jumping over 
the b a r r ie r  rather than by tu n n e l l in g  through i t .
Jumping is  r e a d i ly  shown as the dominant process  by an order o f  magnitude 
c a l c u la t i o n .  That the atom a c tu a l ly  moves at random from s i t e  to s i t e ,
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rather than cover in g  long d is tan ces  once a c t iv a t e d ,  is  c e r t a in ly  in accord  
with our present understanding o f  energy accommodation by a l a t t i c e .  Model 
c a l c u la t io n s  suggest that an atom c o l l i d i n g  with i t s  own c r y s t a l  is  therm alized 
r a p id ly ,  w ith in  a period  measured in tens o f  atomic v ib r a t io n s .  As shown 
la t e r ,  th is  th erm aliza tion  is  a lso  d i r e c t l y  s u s c e p t ib le  to ob serv a t ion  in 
the FIM. On c o l l i d i n g  with a s i t e ,  the jumping atom should be trapped very 
e f f i c i e n t l y ;  when i t  is  a c t iv a te d  to go on to  i t s  next jump, an atom w i l l  
do so without any knowledge o f  i t s  p r io r  h i s t o r y .
The assumption that the jump frequency v ,  the length X, and the
entropy o f  a c t iv a t io n  are temperature in s e n s i t iv e  is  not c r u c ia l  to  the
em p ir ica l  determ ination o f  the b a r r ie r  to m igration . D eviations  from
constancy would ju st  m anifest themselves as curvature in the Arrhenius p lo t
74i f  taken over a s u f f i c i e n t  temperature in t e r v a l .
The a c t iv a t io n  energy i s  not as in form ative  as the b inding energy 
o f  an atom to  the l a t t i c e ;  i t  is  a f t e r  a l l  a d i f f e r e n c e  - -  between the 
energy o f  an atom at the saddle po in t  f o r  m igration  and the energy at a 
normal s i t e .  From th is  i t  may never be p o s s ib le  to  deduce un equ ivoca lly  
the fo r c e s  a c t in g  on an atom. At the very l e a s t ,  the m igration  energy should, 
however, provide a r igorou s  t e s t  f o r  any proposed atomic p o t e n t ia l .
I t  is  important to r e a l i z e  that in moving over a c r y s t a l  the atom 
does not ju s t  sample the p o te n t ia l  f i e l d  o f  a r i g i d  array o f  cores  - -  the 
l a t t i c e  i t s e l f  w i l l  be deformed in the v i c i n i t y  o f  the m igrating atom. In 
the in te r p r e ta t io n  o f  the experim ental q u a n t i t ie s ,  the c o n f ig u r a t io n  o f  the 
saddle p o in t  as w e ll  as o f  the normal s i t e s  must be kept in mind.
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5 .2 .  D i f fu s io n  Measurements in the F ie ld  Ion M icroscope
At the temperature at which a metal surface  can be viewed without 
in trod u c in g  thermal d iso rd er  (T < 600 K ) , the con cen tra t ion  o f  atoms 
adsorbed on a smooth l a t t i c e  plane is  n e g l i g i b l e .  For example, on su rfaces  
warmed to room temperature no t r a n s fe r  o f  atoms from edges to  f l a t s  is  
observed . However, i t  i s  a rather simple matter to  p lace  atoms on various 
su r faces  by evaporation  from a source aimed at the sample, ju s t  as in 
measurements o f  the b inding energy o f  atoms (see F ig .  8) .
Determination o f  the d i f f u s i o n  parameters re s ts  e n t i r e ly  on
2measurements o f  the mean-square displacem ent <R ) .  In p r in c ip le ,  th is  
d e te rm in a t io n ^  proceeds as f o l l o w s :
An atom is d epos ited  on the plane o f  in t e r e s t ,  with the surface  
maintained at a low temperature. I t s  lo c a t io n  is  determined by FIM at 20 K. 
The l a t t i c e  is  heated to the temperature o f  the d i f fu s io n  experim ent; 
m igration  i s  allowed to proceed f o r  a time chosen so that the in te r v a l  
during which the temperature is  changing makes on ly  n e g l i g ib l e  co n tr ib u t io n s  
to  the d i f f u s i o n .  The su rface  is  then c o o le d .  No f i e l d s  are ap p lied  to 
the su rface  during th is  p e r io d ,  and the sample is maintained in an u l tra h ig h -  
vacuum environment to ensure freedom from any extraneous e f f e c t s .  Only when 
the l a t t i c e  has been res to red  to a low temperature, at which atom m o b il i ty  
can be expected  to be n e g l i g i b l e ,  is  the imaging gas in troduced . The f i e l d  
necessary  f o r  imaging the s u r fa c e ,  to  e s t a b l i s h  the lo c a t io n  o f  the atom 
a f t e r  d i f f u s i o n ,  is  app lied  only  f o r  the b r i e f e s t  p o s s ib le  in t e r v a l .  What 
the FIM a f f o r d s ,  th e r e fo r e ,  is  a measure o f  the displacem ent o f  an atom 
during a known time in te rv a l  t , a t  a temperature T. Such a d i f f u s i o n  
sequence is  shown in F ig .  11.
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F ig .  11. Motion o f  W adatoms at '‘*'320 K. L e f t :  Atoms dep os ited  on c lean
tungsten s u r fa c e .  R ight: D i f fu s io n  has not taken p lace  on (111) 3 
( 3 1 0 ) j and (1 3 0 ) ;  atoms on other planes o u t l in e d  by re c ta n g les  
have moved a f t e r  300 sec at 320 K.
57
Can such measurements be made w ithout d is tu rb in g  the lo c a t io n  o f  
the atom during imaging? This can be checked by taking a s e r ie s  o f  f i e l d  
ion micrographs at 20 K. In measurements on tungsten atoms adsorbed on 
various s u r fa c e s ,  no displacem ent has been observed during such a s e r i e s ,  
in d ica t in g  that the p o s i t io n  o f  an atom is  not s i g n i f i c a n t l y  a f f e c t e d  by the 
a ct  o f  o b se rv a t io n .
The mean-square displacem ent o f  atoms on a given  p lane, the quantity  
o f  in t e r e s t  f o r  the d i f f u s i o n  s tu d ie s ,  is  obta ined  by observ ing  a sequence o f  
d isp lacem ents , at a f ix e d  temperature, squaring each and taking the average. 
There are at le a s t  four d i f f i c u l t i e s  in th is  procedure:
D istance  d eterm in a tion . This is  d i f f i c u l t  to  carry  out quanti­
t a t iv e ly  in the FIM, as the m a g n if ica t ion  var ies  co n s id e ra b ly  over a curved 
s u r f a c e . ^  However, on planes f o r  which atomic s tru c tu re  is  r e so lv e d ,  th is  
i t s e l f  serves as a c a l i b r a t i o n .  Sem iquantitative  estim ates are p o s s ib le  f o r  
smoother s u r fa c e s ,  based on the average radius o f  the em itter  t i p  which can 
be determined by d i r e c t  o b se rv a t io n .  F in a l l y ,  we know that the minimum 
d istan ce  an atom can jump is  equal to  the spacing o f  the su r fa ce .  This can 
ju s t  be used to c a l ib r a t e  the excurs ions  observed on a photograph o f  un­
c e r ta in  m a g n if ica t io n .  In the la s t  a n a ly s is ,  a q u a n t ita t iv e  knowledge o f  
the d is tan ce  is  not important f o r  a determ ination  o f  the e n e r g e t i c s .  As 
long as measurements at d i f f e r e n t  temperatures are made on the same su r fa c e ,  
the d is tan ce  s ca le  used never a f f e c t s  the a c t iv a t i o n  energy.
C o r re la t io n  e f f e c t s . Two e f f e c t s  may v i t i a t e  the assumption that 
the atoms execute a random walk on the s u r fa c e .  One is  the p o s s i b i l i t y  that
atoms once e x c i t e d  requ ire  many c o l l i s i o n s  w ith  the l a t t i c e  s i t e s  f o r
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d e a c t iv a t io n .  Under these circum stances c o r r e la t i o n  cou ld  be expected  between
76jumps to subsequent s i t e s .  Apart from the c a lc u la t io n s  o f  energy t r a n s fe r ,
which suggest that th is  p o s s i b i l i t y  is  u n l ik e ly ,  the ra te  o f  l o c a l i z a t i o n
can be observed d i r e c t l y . ^  Consider what happens when an em itter  is
illum inated  from one s ide  by a beam o f  atoms. I f  atoms are l o c a l i z e d  at
the s i t e  o f  i n i t i a l  impact, then the boundary o f  the d e p o s it  should be
id e n t i c a l  with that obta ined  i f  the su rface  had ju s t  been exposed to  a l ig h t
sou rce .  In the other extreme, when atoms remain e x c i t e d  even a f t e r  many
c o l l i s i o n s  with the l a t t i c e ,  the t i p  would be un iform ly  covered  by atoms,
w ithout a strong p re feren ce  f o r  the s ide  in d i r e c t  l in e  with the source .
77 78Such ob serva tion s  have been made by E h r l ic h ,  and a ls o  by Young e t  a l . ;  
both  in d ica te  only  a very l im ited  tra n sg ress ion  o f  atoms a cross  the shadow 
l i n e .
C o rre la t io n  e f f e c t s  may a lso  enter because o f  the l im ited  s iz e  o f
the su rfaces  on a f i e l d  ion  sou rce .  For an atom at a boundary, the assumption
o f  randomness is  not m aintained. An atom coming to the edge o f  a l a t t i c e
plane may ju s t  r o l l  over the s ide  and then be held  permanently a t a s tep .
In th is  even t, the random walk ceases once the atom reached an edge.
A l t e r n a t iv e ly ,  we may imagine that the lower co o r d in a t io n  o f  edge atoms
in creases  the p o te n t ia l  energy o f  an atom adsorbed th e re ,  compared to an
atom held on a large f l a t .  The l a t t i c e  edge then would a ct  as a r e f l e c t i n g
boundary. Once an atom s t r ik e s  a boundary, the next step  is  no longer
taken at random - -  the atom must reverse  i t s  d i r e c t i o n .
C orrection s  f o r  such boundary e f f e c t s  can be made in the exp ress ion
79fo r  the mean-square d is tan ce  covered by an atom. The important p o in t  that
2
emerges from these is  that (R ) no longer varies  l in e a r ly  w ith  the number o f
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jumps or  the time, but in vo lves  higher powers as w e l l .  I t  is  reasonably 
simple to  r e s t r i c t  measurements to  time in te rv a ls  f o r  which these c o r r e c t io n s  
are n e g l i g i b l e .  That the atom behaves in  accord  with Eq. 11 can a lso  be 
e s ta b l is h e d  by changing the in te r v a l  over which d i f f u s i o n  is  observed . 
Doubling the in t e r v a l ,  f o r  example, should double the mean-square d i s p la c e ­
ment. This d i r e c t  experim ental check should serve as a f i n a l  v a l id a t io n  
o f  the o b se rv a t io n s .
Atom i d e n t i f i c a t i o n . In p r in c ip le  a l l  ob serva t ion s  cou ld  be made 
on a s in g le  atom adsorbed on a c r y s t a l  p lane. The in te r p r e ta t io n  o f  the 
measurements then becomes qu ite  u n equ ivoca l ,  but the measurements would be 
ted ious in the extreme. The genera l procedure, th e r e fo r e ,  is  to  d e p o s it  
many atoms on the s u r fa c e ,  so that s t a t i s t i c s  on the d is tan ces  covered 
during a d i f f u s i o n  in te r v a l  can be obta ined  ra p id ly .  One o f  the drawbacks 
o f  th is  technique is  that i d e n t i f i c a t i o n  o f  the displacem ent o f  any one atom 
is  no longer p o s s ib le .  We have no c e r ta in  method fo r  d ec id in g  which atom 
moved where. This d i f f i c u l t y  is  not overwhelming, however. For a random 
walk, small excursions are p r e fe r r e d ;  provided the atoms are not too  c lo s e  
together  i n i t i a l l y ,  th is  ru le  makes i t  r e a d i ly  p o s s ib le  to  determine 
d i f f u s i o n  d is ta n c e s .  Consistency o f  p a r t ic u la r  assignments can be checked 
by analyzing  the same m icrographs, but merely in creas in g  the in te r v a l  over 
which d i f f u s i o n  is  allowed to  o ccu r .  I f  the assignments are v a l id ,  the 
mean-square d istan ce  should increase  l in e a r ly  with the length o f  the 
d i f f u s i o n  in t e r v a l .
Temperature measurements. Only a l im ited  range o f  temperatures 
i s  a c c e s s ib le  in s u r f a c e -d i f fu s io n  s tu d ie s .  An upper l im it  is  se t  (a t
80600 K) by the i n s t a b i l i t y  o f  the h igh ly  p e r f e c t  s u r fa c e ; a lower l im it
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is  determined by the ce s s a t io n  o f  d i f fu s i o n  at ~  250 K. The a ctu a l  range 
v a r ies  from one system to the next , as w e l l  as with the p a r t ic u la r  plane 
examined, and i s  a f f e c t e d  by extraneous fa c t o r s  such as d i f f u s i o n  o f  
im p u rit ies  from the s ides  o f  the em itte r .  A c t iv a t io n  energ ies  good to  
approxim ately  5 percent can be determined, however, provided the t i p  
temperature is  c a l ib r a te d  and c o n t r o l le d  by what are now standard 
p ro ce d u re s .
None o f  the problems in determining mean-square displacem ents 
are c r i t i c a l  - -  they can a l l  be overcome by reasonably  routine  experim ental 
p rocedures . Although tedious and time-consuming, such measurements should 
y i e l d  sound values f o r  m igration  en erg ies  as w e l l  as other parameters o f  
i n t e r e s t .
5 .3 .  Experimental Studies o f  Surface M o b i l i ty
Observations o f  atomic m o b il i ty  by FIM have been qu ite  l im ite d .
81M uller in d ica te d  the p o s s i b i l i t y  o f  such stu d ies  long ago. Q uantita tive  
measurements were not attempted u n t i l  the work o f  E h r lich  and Hudda, who 
examined the d i f f u s i o n  o f  tungsten atoms on three planes o f  a tungsten 
c r y s t a l .^  Their r e s u l t s  are l i s t e d  in Table V II .  The s tru ctu res  o f  the 
three planes are rather d i f f e r e n t ,  as is  apparent from the atomic models in 
F ig .  9. The (211) and (321) planes are ch a ra cte r ize d  by protruding rows in 
the [ i l l ]  d i r e c t i o n .  On the (110) p lane , these rows are ad jacent to  one 
another, forming a smooth and reasonably  c l o s e l y  packed p lane. In con ­
form ity  with these s t r u c tu r e s ,  the d i f fu s i o n  is  observed to o ccu r  p re fe re n ­
t i a l l y  along the [ i l l ]  on both  the ( 211) and (3 2 1 ) .
Only a l im ited  number o f  planes is  a c c e s s ib le  to q u a n t ita t iv e  
ob se rv a t io n  - -  the s iz e  o f  the planes dim inishes as the M i l le r  in d ice s
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become h igh er .  Furthermore, those planes lo ca te d  away from the apex are
more s u s c e p t ib le  to contam ination . For these reasons, the only  other study
82o f  atomic m o b i l i ty ,  by B assett  and P ars ley ,  con cen trated  on the same 
p lanes. Their measurements f o r  tungsten atoms q u a n t i ta t iv e ly  confirm ed the 
e a r l i e r  s tu d ie s ,  as in d ica ted  in Table V II .  These in v e s t ig a to r s  a lso  
examined tantalum and rhenium atoms. I t  is  o f  in t e r e s t  that the general 
trends on the three planes are much the same f o r  the d i f f e r e n t  atoms as w e l l .
Table V II .  Surface m igration  on tungsten.
w(a) w<b >
Ta( b )
Re<b >
D ,
1 ,cm /s e c V ,eV m
D ,
2°cm / sec Vm,eV
D .
2°cm / s e c V ,eV m
D ,
2°cm / sec V ,eV m
( 110) -23*10 .96 2 . 1*10~3 .87 4 .4 * 10" 2 .78 1 . 5 * 1 0 1 . 0 4
( 211) 2 •10~7 .57 3 .8 * 10"7 .58 9*10~8 .49 1 . 1*10"2 .88
(321)
-3
1*10 .87 1 . 2*10"3 .84 1 .9 * 10" 5 .67 4 .8*10 “ 4 .89
(a) R ef. 70. (b ) R ef. 82.
In p r in c ip le ,  a d d it io n a l  in form ation  should be a v a i la b le  through 
a n a lys is  o f  the d i s t r ib u t io n  curves governing in d iv id u a l  d isp lacem ents . The 
standard Rayleigh d i s t r ib u t io n  is  a p p l ica b le  on ly  i f  a l l  jump d ir e c t io n s  in 
a plane are equ a lly  l i k e l y  o r ,  e q u iv a le n t ly ,  i f  jumps occur with equal 
p r o b a b i l i t y  along the C artesian  c o o r d in a te s .  In  e i th e r  s i t u a t io n ,  the
79number o f  jumps during any time in te r v a l  must be large compared to  u n ity .  
Neither c o n d it io n  is  met in the experiments so fa r  a v a i la b le .  A d e ta i le d  
eva lu at ion  o f  the d i s t r ib u t io n  observed f o r  atomic d isplacem ents is  not 
easy ,  however. Many more experim ental observa t ion s  are required  f o r  th is
62
than fo r  the mean square d isp lacem ent. Furthermore, i f  these data are 
obtained as usual by examining the motion o f  many atoms on one p lane, 
d i f f i c u l t i e s  in the in te r p r e ta t io n  a r is e  - -  the atom may a s s o c ia te  in to  
dimers and higher upon c o l l i s i o n .
The on ly  attempt o f  th is  s o r t  in d ica ted  a behavior qu ite  d i f f e r e n t  
from a Rayleigh  d i s t r i b u t i o n . ^  Most o f  the atoms were a c tu a l ly  concen­
tra te d  at the o r i g i n ,  where the R ayleigh  d i s t r ib u t i o n  p r e d ic t s  none. This 
o f  course would be the behavior  i f  atom c lu s te r s  are present and are 
immobile compared with the monatomic s p e c ie s .  However, th is  cou ld  a lso  be 
expected  f o r  a random walk in which the number o f  jumps is  very sm all,  and 
th e re fo re  su b je c t  to severe  f lu c t u a t io n s .
Observations o f  atom a s s o c ia t io n  and d i s s o c ia t i o n  have been 
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rep orted . As y e t ,  these are not r e a l ly  q u a n t i ta t iv e .  Only the d i s s o c i a ­
t io n  o f  weakly held  c lu s t e r s  o f  ir id ium  on the ( 110) o f  tungsten has been 
examined; f o r  dimers the bond strength  is  as low as 0 .07 eV. While th is  is  
a very in te r e s t in g  phenomenon in i t s  own r ig h t ,  i t  makes more d i f f i c u l t  the 
determ ination  o f  jump s t a t i s t i c s  - -  these w i l l  have to  be measured in s i n g l e ­
atom experim ents. D i f f i c u l t  as these may b e ,  they should be worthwhile as 
a means o f  probing the atomic mechanism o f  jumping.
6 . ANALYSIS OF ATOMIC MEASUREMENTS
The resu lts  ju s t  o u t l in e d ,  tenuous though they are , f o r  the f i r s t  
time provide data aga in st  which to compare our present notions o f  atomic 
f o r c e s .  A few words about the im p lica t ion s  o f  these r e s u lt s  appear appropriate  
h ere ,  in order to  focu s  more c l e a r l y  upon the unexpected as w e l l  as upon 
those aspects  that w i l l  requ ire  fu r th er  study.
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In the p a st ,  p r e d ic t io n s  about atomic behavior at in te r fa c e s  have 
been based la rg e ly  on the concept o f  n earest -n e igh bor  bonding« Although 
recogn ized  as an o v e r s im p l i f i c a t i o n ,  the ease o f  making p re d ic t io n s  
( e s p e c ia l l y  w ith  the aid  o f  r e c e n t ly  developed counting t e c h n iq u e s ^ )  has 
done much to  perpetuate th is  p o in t  o f  view. On any such model the rough 
s u r fa c e s ,  on which an atom is  most e f f e c t i v e l y  surrounded by l a t t i c e  atoms, 
should show the h ighest b inding e n e r g ie s .  A lso  on such rough s u r fa c e s ,  
atomic movement from one eq u ilib r iu m  s i t e  to  another must occur over h ig h ly  
protruding s i t e s ,  at which the c o o r d in a t io n  o f  the migrating atoms is  low.
The b a r r ie r  to  d i f fu s io n  should l ik ew ise  be high on a tom ica l ly  rough planes 
and low on smooth p lanes. N either o f  these ex p ecta t ion s  is  s a t i s f i e d  by 
the measurements ju s t  presented .
To p in po in t  the d i s p a r i t i e s  more c l e a r l y ,  i t  is  u s e fu l  immediately
to examine the next stage o f  s o p h is t i c a t io n  in sim ulating atomic b eh av ior ,  in
which longer range in te ra c t io n s  are a llow ed . Most o f  the c a l c u la t io n s  on
d e fe c t  p ro p e rt ie s  in s o l id s  have been done w ith  Morse p o t e n t ia ls .  The three
parameters d e f in in g  the p o te n t ia l  have been evaluated f o r  a number o f  s o l id s
85by G i r i f a l c o  and W eizer, using the heat o f  su b lim ation , the eq u ilib r iu m  
l a t t i c e  spacin g , together  with the c o m p r e s s ib i l i t y .  In Table V III  are 
l i s t e d  the b inding energy f o r  tungsten atoms, as w e l l  as the energ ies  o f  
m igra t ion , obtained  by summing the in t e r a c t io n  between the adatom and nearby 
l a t t i c e  atoms. In these estim ates the atoms are allowed to s i t  at a normal 
l a t t i c e  s i t e ,  and the c r y s t a l  is  assumed to  terminate at the appropriate  
su r face  without any change in the spacin g . This o f  course is  qu ite  un­
r e a l i s t i c ,  as the atomic spacing w i l l  not be maintained at the bulk value, 
but w i l l  instead  assume the value that minimizes the t o t a l  energy, at le a s t
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at low temperatures. However, th is  re la x a t io n  causes on ly  small q u a n t ita t iv e
48 86changes in the b inding en erg ies  * and does not a l t e r  the fundamental d i s ­
agreement between the experim ental values f o r  atomic binding and those 
c a lc u la te d  from Morse p o t e n t ia ls .  The c a lc u la te d  values increase  as the 
roughness in cr e a s e s ;  the experim ental values seem to be r e l a t i v e l y  constant 
with v a r ia t io n s  in the s tru ctu re  o f  the s u r fa c e .  I f  anything, the e x p e r i ­
ments suggest a decrease in the b inding energy.
There is  a p a r t i c u la r ly  s t a r t l in g  behavior  in the d i f fu s i o n  o f  
atoms on th e ir  own l a t t i c e .  On the a tom ica l ly  smooth (110) the b a r r ie r  to 
m igration  is  as high as on the rough (3 2 1 ) .  On the (2 1 1 ) ,  a plane with a 
s tru ctu re  s im ila r  to that o f  the (3 2 1 ) ,  the b a r r ie r  amounts to  on ly  60 
percent o f  that on the (3 2 1 ) .  I t  is  th is  co n tra s t  that is  important. One 
p o s s ib le  way o f  in te rp r e t in g  the d i f f e r e n c e  between (211) and (321) is  to 
invoke d i f f e r e n c e s  in the b inding energy o f  atoms on the two planes caused 
by d i f f e r e n c e s  in the secon d -n earest -n e igh bor  environment. These would not 
be adequately d escr ib ed  by the Morse p o te n t ia l  c a l c u la t i o n s .
I t  has long been recogn ized  that the use o f  pa ir  p o te n t ia ls  in
cohesive  energy c a lc u la t io n s  can be j u s t i f i e d  f o r  a metal on ly  under l im it in g
8 7assumptions about constancy o f  volume, s in ce  the displacement o f  one ion  
core  w i l l  exert  a general e f f e c t  upon i t s  neighbors through a r e d is t r ib u t io n  
o f  the screen in g  e l e c t r o n s .  The d i f f e r e n c e  in the atomic arrangement o f  the 
(211) and (321) leads to  a d i f f e r e n t  screen ing  o f  cores  at the su r fa c e ,  and 
i t  has been suggested that th is  cou ld  account f o r  the b ig  d i f f e r e n c e  in the 
d i f f u s i o n  b a r r ie r s  observed on the two p l a n e s .^  U nre liab le  though the 
absolute  values o f  the binding energ ies  measured by f i e l d  evaporation  are ,
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Table V I I I .  Morse p o t e n t ia l  estim ates f o r  tungsten 
adatoms on tungsten , eV.
(a)Binding Energies
(110) 5.82 (111) 8 .10
(211) 7.76 (321) 8.18
(310) 7.67 (411) 8.42
M igration  Energy
Relaxed L a t t ic e
R ig id ^ E&K^ W&G^
(110) .47 .44 .54
(211) .95 .78 .43
(321) .96 .91 -
(a) A l l  atoms in normal s i t e s ;  sum out to three l a t t i c e  spacin gs .
(b) R e f .  48.
( c )  R e f.  86.
the c lo s e  agreement found on the (211) and (321) suggests that th is  is not 
the appropriate  ex p la n a t ion ,  even though d i f f e r e n c e s  in e le c t r o n  d is t r ib u t io n  
may w e ll  be accountable  f o r  the remarkable behavior o f  the (110) p lane.
Instead i t  appears appropriate  to  assign  the d i f f e r e n c e s  in the
behavior o f  the (211) and (321) to  the d e t a i le d  dynamics o f  atom motion on 
48the two p lan es . The c o r r e c t  exp lanation  is  a lready suggested by the 
remarkably low value o f  the frequency fa c t o r  on the (2 1 1 ) ,  which is  orders 
o f  magnitudes sm aller than on the (3 2 1 ) .  I t  should be r e c a l le d  that the 
a c t iv a t i o n  energy f o r  su r face  m igration  m irrors v a r ia t io n s  o f  the atomic 
p o te n t ia ls  only  i f  the l a t t i c e  is  assumed to  be r i g i d  and u n a ffe c ted  by the 
m igrating atom. On the (211) these assumptions are u n l ik e ly .  This plane is 
made up o f  [ i l l ]  rows o f  tungsten atoms protruding above the su r fa ce .  In 
m igrating over the p lane , an atom must jump over a con s id erab le  b a r r ie r  in 
moving along a r i g id  [ i l l ]  channel o f  atoms. A l t e r n a t iv e ly ,  the atoms in
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the [ i l l ]  rows may p a r t i c ip a te  in the d i f f u s i o n  p ro c e ss ,  moving aside  to 
a l low  the m igrating atoms to  r o l l  over a much reduced b a r r ie r .  Now the 
o v e r a l l  a c t iv a t io n  energy fo r  the process  must include the energy requ ired  
to  d is p la c e  the l a t t i c e  atoms from th e ir  normal p o s i t i o n .  I f  th is  is  a 
l i k e l y  process  on the ( 211) ,  we would not expect  i t  to  be s i g n i f i c a n t  on 
the (3 2 1 ) .  On th is  plane a m igrating atom is  in con ta ct  with only one 
protrud ing  atom row in the l a t t i c e ;  the o th er  s ide  o f  the d i f fu s io n  channel 
is  made up o f  l a t t i c e  atoms embedded in a f l a t .  On the (3 2 1 ) ,  t h e r e fo r e ,  
the atoms forming the d i f fu s io n  channel are not e a s i ly  able to  move aside 
and we might expect a higher a c t iv a t io n  energy.
These e n t i r e ly  q u a l i t a t iv e  notions  have been bu ttressed  by c a lc u -
48la t i o n s  o f  the o v e r a l l  a c t iv a t io n  energy by E h r lich  and Kirk assuming 
interatom ic fo r c e s  obeying a Morse p o t e n t ia l .  More exten s ive  estim ates 
(a ls o  l i s t e d  in Table V I I I ) ,  which more c o n s i s t e n t ly  account f o r  p o s s ib le
8 6l a t t i c e  deform ation around the m igrating atom, have been made by W ynblatt.
Both con firm  that f lu c tu a t io n s  in the p o s i t io n  o f  l a t t i c e  atoms on the (211) 
w i l l  open up a lower-energy path f o r  m igra t ion . This view is  a lso  c o n s is te n t  
w ith  the low frequency fa c t o r  f o r  the m igration  process  which is  observed 
ex p er im en ta lly .  For d i f f u s i o n  to  occur w ith  a low a c t iv a t io n  energy over 
the ( 211) ,  the l a t t i c e  atoms in the [ i l l ]  rows must d is p la c e  outward ju s t  as 
the m igrating atom is  a c t iv a te d  to  move by them. The p r o b a b i l i t y  o f  th is  
simultaneous event in vo lv in g  three atoms should be low, and th is  has been 
confirmed by q u a n t ita t iv e  es t im ates .
Our a b i l i t y  to understand q u a l i t a t iv e ly  the m igration on the (211) 
compared to that on the (3 2 1 ) ,  and the almost q u a n t ita t iv e  agreement between 
the b a r r ie r  on the (211) as ca lc u la te d  using Morse p o te n t ia ls  and experim ental
67
r e s u l t s ,  on ly  po in ts  up the f a i l u r e  o f  these attempts to account even 
q u a l i t a t iv e ly  f o r  atomic behavior  e lsew here . This i s  e s p e c ia l l y  so fo r  
m igration  on the (1 1 0 ) .  Here the experim ental r e s u l t s  are by fa r  the most 
e x te n s iv e ;  the in te r p r e ta t io n  o f  the experiments i s  a lso  q u ite  u n equ ivoca l.
At the l e a s t ,  we can conclude that  Morse p o t e n t ia l s  w i l l  not serve to 
adequate ly  c h a ra c te r i z e  surface  behav ior .
As has been po inted out p re v i o u s ly ,  the experimental  r e s u l t s  on 
binding energ ies  are not r e a l l y  trustworthy.  As they are the only values 
a v a i l a b l e ,  however, they probably  should not be r e j e c t e d  out o f  hand. The 
experimental  r e s u l t s  cannot be f i t t e d  with e i th e r  Morse or Lennard-Jones 
p o t e n t i a l s .  However, i f  the experimental  data on atomic b inding  energ ies  
are accepted as v a l id ,  we can use these data to  der ive  an interatomic  f o r c e  
law.
Proceeding e n t i r e l y  h e u r i s t i c a l l y , we pos tu la te  a t r i a l  p o t e n t ia l  
in the form o f  a polynomial
N nV(R) = S C R . (13)
n=0
The b ind ing  energ ies  are not much a f f e c t e d  when the su rface  is  allowed to 
re lax  to  i t s  minimum-energy c o n f ig u r a t io n .  As a f i r s t  e f f o r t ,  th e r e fo r e ,  
a l l  atoms are assumed to be f i x e d  at the normal l a t t i c e  p o s i t i o n s .  The 
p o te n t ia ls  in Eq. 13 are summed f o r  atoms at a kink s i t e  as w e l l  as on the 
(2 1 1 ) ,  (3 1 0 ) ,  and (411) p lan es . Together with the co n d it io n  that at T = 0 K 
the p o t e n t ia l  energy o f  the l a t t i c e  must be a minimum with  re sp e c t  to 
changes in the l a t t i c e  spacin g , and a knowledge o f  the c o m p r e s s ib i l i t y
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(the second d e r iv a t iv e  o f  the p o t e n t i a l  with respect  to  the l a t t i c e  s p a c in g ) ,  
t h i s  g ives  enough r e la t i o n s  to  de f ine  the f i r s t  s i x  c o e f f i c i e n t s  in the 
polynomial  t r i a l  fu n c t i o n .
The p o t e n t ia l  obtained when these summations are c a r r i e d  out to
three l a t t i c e  spacings is  shown in F ig .  12. I t  is  o f  in t e r e s t  that i t  has
88the o s c i l l a t o r y  form re c e n t ly  found f o r  p o t e n t ia l s  in the bulk.  Even th i s  
interatomic  p o t e n t ia l  does not s a t i s f a c t o r i l y  p r e d i c t  sur face  e n e r g e t i c s .
As is  apparent from the estim ates in Table IX, the value f o r  the (321) is  
much in excess  o f  that observed . S im i la r ly ,  the a c t iv a t io n  energy p red ic ted  
f o r  m igration  over the (110) is  much the same as that obta ined  from Morse 
p o t e n t ia ls ,  and s t i l l  too  low compared with experiment.
I t  is  too e a r ly  to  t e l l  i f  such an e m p ir i ca l  approach w i l l  have 
any u t i l i t y .  The problem r ig h t  now i s  la rg e ly  experimental  - -  the determina­
t i o n  o f  r e l i a b l e  surface  e n e r g e t i c s .  F ie ld  evaporat ion has not ye t  provided 
soundly based binding energ ies  o f  atoms. The hope i s ,  however,  that increased  
e f f o r t  w i l l  be devoted to  the determinat ion o f  migration b a r r i e r s .  With 
values a v a i la b l e  f o r  a la rger  number o f  low-index planes ,  i t  should be 
f e a s i b l e  to t e s t  more r i g o r o u s ly  the p o s s i b i l i t y  o f  s imulat ing behavior at
with e m p ir i ca l  p o t e n t i a l  curves .
Table IX. P re d i c t i o n s  o f  polynomial potent i a l .
Energies (eV)
Calcu lated (a)Experimental
Binding
(110) 7.01 5 .3 -6 .3
(111) 5.95 6 .0
(321) 10.2 6 .7
(100) 5.91 7 .0
D i f f u s i o n
(HO) .38 .96
(a) Data from R e fs .  48, 65, 70.
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